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 DNA is no longer thought of as only the purveyor of genetic information, but also as a 
highly programmable and functional biopolymer. It was discovered in 1994 that some single-
stranded DNA sequences can fold into complex tertiary structures to catalyze reactions, these DNA 
sequences are called DNAzymes, or DNA enzymes. Like with protein enzymes, the sequence of a 
DNAzyme dictates the folding of DNA into unique tertiary structure which ultimately programs 
its catalytic function. The folding of DNA is a product of a combination of Watson-Crick base-
pairing and nonconventional base-pairing. One of the most common types of DNAzymes studied 
is the RNA-cleaving DNAzyme. RNA-cleaving DNAzymes catalyze cleavage of the 
phosphodiester backbone of an all-RNA oligomer, or a chimeric DNA sequence at an embedded 
RNA site, splitting the oligomer in two, through transesterification or hydrolysis. The study of 
RNA-cleaving DNAzymes have shown preferential activity with certain metal ion cofactors. The 
preferential catalytic activity of RNA-cleaving DNAzymes with selective metal ion cofactors, in 
conjunction with advances in DNA synthesis and DNA nanotechnology, have led to their 
application as metal ion sensors.  
DNAzyme-based metal ion sensors have been developed for a variety of sensing platforms 
including but not limited to: fluorescence, electrochemical, electrochemiluminescence, 
colorimetric, luminescent, surface-enhance Raman scattering, and glucose-based sensors. These 
sensors capitalize of the release of the shortened oligomer upon cleavage of the phosphodiester 
backbone, caused by a in DNA hybridization melting temperature. This physical release of the 
short oligomer can be detected by modifying the DNAzyme and substrate, for example with a 
fluorophore-quencher pair. This technology has been applied for the detection of metal ions in 
environmental samples, but more recent discoveries are also transitioning DNAzyme-based metal 
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ion sensors into the biological and medical fields. One particular goal is to use the Na+-specific 
NaA43 DNAzyme for point-of-care or cellular sensing. While other sodium sensors do exist, the 
high selectivity, sensitivity, solubility, and biocompatibility of the NaA43 DNAzyme make it 
highly competitive in the sensor field. When coupled with the ability to apply the same general 
DNAzyme to multiple different sensing platforms, using DNAzymes to sense difficult to detect 
monovalent metal ions could help advance both point-of-care monitoring and fundamental 
biological understanding of these metal ions.  
Lithium is one of the most well-established drugs for the treatment of bipolar disorder and 
mania and is shown to have neuroprotective properties which attenuate the effects of traumatic 
brain injury. However, despite its efficacy the mechanism by which lithium works is still debated 
and Li+ detection strategies remain elusive. Therefore, it was determined that a Li+-specific 
DNAzyme with ability to be applied in cellular studies and point-of-care sensors would be 
beneficial.  
In order to identify a Li+-specific DNAzyme in vitro selection was performed. In vitro 
selection is a combinatorial selection technique which cultivates DNAzymes with desired activity 
from a pool of 1014-15 varied DNA sequences through a repetitive screening process. By tailoring 
in vitro selection, it can be designed to enrich a DNA pool with DNAzymes with selectively 
reactivity with a specified metal ion cofactor. In order to accomplish the identification of Li+-
selective DNAzymes the buffers and in vitro selection procedure was modified to remove almost 
all labile metal ions form the selection process with the exception of Li+.  
After modifying the selection procedure, a DNA pool was cultivated with DNAzymes 
selective for Li+ over other monovalent, divalent, and trivalent metal ions.  The new DNAzymes 
were able to detect low millimolar Li+, however, the reaction was slow, and potentially impractical 
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for sensor applications. To increase the catalytic rate of the DNAzyme a reselection of a pool 
generated by partial randomization of the enzymatic core, was carried out. The resulting 20-4 
DNAzyme was 7-10 times faster than the original sequence. The 20-4 DNAzyme was successfully 
truncated and converted into a trans-cleaving DNAzyme, without significant loss of activity. 
Attempts to further increase the reaction rate of the 20-4 DNAzyme by coupling the cleavage 
reaction with catalytic hairpin assembly were met with moderate success. Overall, the 20-4 
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Chapter 1: Introduction 
1.1 Introduction 
DNA is well known as a genetic carrier, but in the last few decades scientists have been 
able to use DNA as a building block for a variety of other purposes, including as three-dimensional 
DNA nanostructures,1-6 as a programmable mediator for directed assembly of nanomaterials,1, 7-23 
and as a molecular recognition agent in sensing and imaging of not only other nucleic acids,24-25 
but also metal ions,26-27 organic molecules28 and proteins.29 Perhaps the most fascinating new 
function of DNA that has so far been developed occurred in 1994, when Breaker and Joyce found 
that DNA can act as an enzyme to catalyze a phosphodiester transfer reaction, just like a protein 
enzyme or ribozyme.30 Since then, the catalytic activities of these deoxyribozymes, also called 
DNAzymes, have been expanded to include ligation,31-35 nucleopeptide linkage36-38, and, 
glycosylation, in addition to many others.39 For certain DNAzymes, such as the 10-23 DNAzyme, 
its catalytic efficiency (kcat/KM of 4.5 x 10
9 M-1·min-1) can rival that of a protein enzyme for the 
same reaction (9.0 x 108 M-1·min-1).40 
Fig 1.1 DNAzymes in (a) ssDNA and (b) G-quadruplex and (c) B-DNA scaffolds.  
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With a few exceptions, most DNAzymes discovered so far rely on metal ions or metal 
complexes for their catalytic activity (Table 1). This is not surprising, as DNAzymes have only 
four nucleobases with fewer functional groups than those of the 20 amino acids that make up 
protein enzymes. However, introducing metal ions or metal complexes significantly expands the 
catalytic capabilities of DNAzymes. For example, the first discovered DNAzymes depend on Pb2+ 
for its catalytic ribonucleotide cleavage reaction.30 Since then, many other DNAzymes have been 
obtained that rely on Mg2+,40-41 UO2
2+,42 and Na+ for activity.43-44 These metal-dependent 
DNAzymes have been converted into fluorescent,26-27, 42, 45-50 colorimetric,8-9, 51-54 
electrochemical55-60 and magnetic resonance imaging-based sensors61-62 for their respective metal 
ion cofactors.63 In addition to metal ions, metallocofactors found in biology, such as porphyrins, 
have also been recruited by DNA to catalyze catalase activity.64 Efforts made to characterize this 
peroxidase-like deoxyribozyme led to the discovery that various G-quadruplexes (Fig. 1b) can 
serve as a scaffold for incorporating heme, Cu(II)-bipy complexes, and other metal complexes to 
catalyze additional reactions including Diels-Alder and Friedel-Craft reactions.65-66 Finally, to 
expand upon the functions of DNAzymes even further, artificial metal complexes such as Cu(II)-
dmbpy and Fe(III) porphyrin have been introduced into double stranded DNA (dsDNA, Fig. 1c). 
67-68 
As in many other fields, growth in the metalloDNAzyme field has been driven in large part 
by the development of methods used to prepare new and different DNAzymes, with three general 
methods for the generation of metalloDNAzymes thus far.69 The first of these methods is using a 
process known as in vitro selection to obtain metal-dependent metalloDNAzymes from a large 
library of sequences of up to 1015 oligonucleotides which are selected for a specific catalytic 
activity in the presence of metal ions or other potential cofactors.40, 70-78 The DNAzymes obtained 
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are single-stranded DNA (ssDNA) sequences that fold into unique secondary and tertiary 
structures (Fig 1a), similar to a protein, to catalyze reactions in the presence of specific metal ions. 
In addition, since proteins often utilize metallocofactors such as heme for catalytic functions, the 
in vitro selection method has also been adopted to obtain DNAzymes that catalyze reactions such 
as porphyrin metalation79 (Fig. 1b). Secondly, to further expand the breadth of reactions 
DNAzymes are capable of, metallocofactors have been added to defined G-quadruplex and dsDNA 
structures non-covalently through supermolecular interactions,80-81 to create enantioselective 
catalysts while using a non-asymmetric metal complex. In order to more easily distinguish this 
type of catalytic DNA from the DNAzymes obtained through in vitro selection, we will refer to 
these catalysts as DNA-based hybrid catalysts. Thirdly, in efforts to control the microenvironment 
of DNA hybrid catalysts, chemical methods to modify DNA with covalently anchored metal 
complexes have been developed. This chapter will describe methods and examples of in vitro 
selection of metalloDNAzymes and generation of DNA-based hybrid catalysts. 
1.2 In Vitro Selection of metalloDNAzymes in the presence of metal ions 
In vitro selection is a combinatorial selection technique which typically screens between 
1014 and 1015 different molecules through iterative steps of isolation and amplification of reactive 
DNA sequences until unique, active sequences can be identified. In this section, we will discuss 







Table 1.1 Summary of metalloDNAzymes and their cofactors and reactions. 
RNA-cleaving  Cofactor  
Transesterification   
 Pb2
+ GR5,30  8-17,40 PbE22, Pb782 
 
Ln3+, Y3+, Pb2+ 







2+ 17E,90 16.2-1191 
 Mg




2+, Hg2+, Pb2+ PSCu94 
 Mg
2+  10-2340, Mg541 
 Ca2
+, Mg2+ 17EV195 
 Na
+ NaA43,43 EtNa44 
 Ag
+ Ag10c96 
Hydrolysis   
 M
2+-independent 
12-91,97  20-49,98  9-86,99 10-66,100  
C0,101  9(25)-11c102,10MD5103 
DNA-cleaving    
Hydrolysis Zn2+ or Mn2+ 10MD5104 
 La
3+ or Zn2+ 6YJ, 7YK105 
Oxidative Cu2+ G7106 
 Zn2+ I-R3107 
AP lyase M2+-independent C0, C1, and C2101 
Ligation   
DNA ligation Cu2+, Zn2+, Mn2+ E47,31 AppDNA32 
RNA ligation (3'-5') Zn2+, Mg2+, Mn2+ 9DB, 7DE108, 15HA934, 8LV1335 
Nucleopeptide linkage   
tyrosine, serine, lysine  Mn2+, Mg2+, Zn2+ 15MZ3636, 6CF134,37 DzAz38  
DNA phosphorylation   
tyrosine, serine Mn2+, Mg2+, Zn2+ 
TyrKin,109 8VP1,  6CF,110 7CH, 
3′Kin1111 
DNA dephosphorylation Zn2+ 14WM112 
DNA depurination IO4- 10-28113  
Diels-Alder Ca2+ DAB22114 
Phorphyrin metallation Cu2+ or Zn2+ PS2, PS5115 
Glycosylation Mn2+, Mg2+, Zn2+ 16MJ13239 
Reductive amination IO4--dependent 8QA124116 





In vitro selected-DNAzymes have been selected to carry out numerous catalytic reactions. These 
reactions include, but are not limited to RNA30 and DNA cleavage104 and ligation, phosphorylation 
and dephosphorylation, nucleopeptide linkage formation,117 porphyrin metalation,115 thymine 
photolyase activity,118 and glycosylation,119 as summarized in Table 1. Of these reactions, the most 
commonly selected and well-characterized type of DNAzymes are those which perform 
intramolecular RNA-cleavage by transesterification of the phosphate backbone in a similar manner 
to natural protein enzymes and ribozymes, forming 2',3'-cyclicphosphate and a terminal 5'-OH. 
These RNA-cleaving DNAzymes were the first selected DNAzymes, using an all-DNA sequence 
with one RNA base inset into the substrate region to act as the cleavage site. Early biochemical 
characterization of these DNAzymes revealed that DNAzyme activity is typically highly 
dependent on a metal ion cofactor, thus demonstrating that in vitro selection could be used to 
discover metal ion selective DNAzymes. In order to more easily demonstrate the general process 
of in vitro selection design, we will use the model of the RNA-cleaving DNAzyme for an in-depth 
discussion of designing a DNA pool for in vitro selection, and the in vitro selection process. 
Additional details about modifications to the selection process to expand the chemistry of 
DNAzymes will also be addressed throughout the chapter. The applications of these DNAzymes 




1.2.1 Designing a DNAzyme pool 
In vitro selection is made possible because of the 
advancements in DNA amplification, with the 
invention of Polymerase Chain Reaction (PCR), 
and in ssDNA chemical synthesis via solid-phase 
phosphoramidite chemistry. Solid-phase synthesis 
allows scientists to have precise control over a 
DNA sequence, its functionalization, and its ability 
to be tailored to include randomly ordered 
nucleotides in the same DNA strand as a known and predesigned sequence. In designing a DNA 
library, also referred to as a “selection pool”, to undergo in vitro selection, there are two main 
structural regions: the defined region, which consists of primer binding sites and the active site, 
and the random region, which will form the catalytic core of the DNAzyme. Areas in the defined 
primer region typically are designed to place the random region in close proximity to the active 
site by tuning the location of the Watson-Crick base-pairing sequences, also called the binding 
arms, and incorporating a thermostable tetraloop to ensure programmed folding (Fig. 2).  
1.2.2 Sequence space 
The random region is the segment of DNA from which the enzymatic region of the 
DNAzyme is formed. It is typically tailored by the number of nucleotides and is denoted as Nn 
where N represents the possible bases A, C, G, and T, while n is the number of nucleotides in the 
sequence. The length of the random region determines the number of possible sequences that can 
be generated, and thus the likely  complexity of motifs in the enzymatic region.120 As such, an 
increase in the number of nucleotides in the random region increases the number of possible 
Fig 1.2 General DNAzyme structure in which 
structural features such as the thermostable 
tetraloop is indicated in green, Watson-Crick 
base-pairing binding arms are in black, and the 
random region is highlighted in red and bases 
are indicated by N.  
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sequences; however, the number of molecules that can be used in a selection is limited by 
practicality to on the order of 1015 oligonucleotide sequences. The total possible combinations of 
sequences of a given oligonucleotide length is referred to as sequence space, and it is often 
important to pay attention to the percentage of sequence space which can be covered during in 
vitro selection, i.e. the overall number of DNA molecules used at the beginning of a selection 
versus the total number of possible sequences for that given length. The random region typically 
consists of between 20-70 nucleotides, with random regions of 20 nucleotides covering virtually 
100% of sequence space, while random regions of 70 nucleotides covering only 10-25% of 
sequence space. However, it should be noted that despite the decrease in sequence space coverage, 
pools with random regions of 70 nucleotides can have increasingly complex structures and a higher 
number of motifs. It should also be noted that even multiple single-point mutations within a given 
active DNAzyme sequence can show no or little decrease in activity of the DNAzyme, such that 
it is not necessary to cover every single unique oligonucleotide sequence, thus drastically reducing 
the percentage of sequence space covered required to obtain active DNAzyme sequences. This is 
evidenced by the fact that successful selections, with random regions of up to 70 nucleotides in 
length have been performed, despite the low percentage (10-25%) of sequence space covered. 
1.2.3 Choosing the length of a random region  
While the number of DNAzymes has greatly expanded, it is not yet conclusive whether 
longer random regions, and inherently more complicated DNAzyme structures, impart improved 
kinetic activity, metal ion selectivity, or can facilitate more complex reactions. The Silverman 
group has investigated the effect on random region length on reaction rate of DNA hydrolysis and 
nucleopeptide ligation, with a Zn2+ and a Mg2+/Mn2+ mix as co-factors, respectively.121 Results 
from this study showed one of three DNAzymes selected from an N20 pool had approximately the 
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same reaction rate as the two DNAzymes selected from an N30 pool. However, all of the N20 and 
N30 DNAzymes had a slower reaction rate than the DNAzyme selected from an N40 pool. Initially this 
might appear to reaffirm the notation that a motif forms for approximately every 20 nucleobases, 
and more motifs, and thereby more complex DNAzymes, can increase the DNAzyme catalytic 
rate. However, the second part of this paper studying the effect of random region length of 
nucleopeptide-ligating DNAzymes studied N30, N40, and N60 DNAzyme pools, and found the N40 
DNAzyme to be the fastest, the N30 DNAzyme to be the second fastest, and the N60 DNAzyme to 
be the slowest. These results might suggest that N40 is the optimal random region, yet subsequent 
studies by the same group used N30, N40, and N50 DNAzyme pools to carry out tyrosine 
phosphorylation with Zn2+, Mn2+, and Mg2+ as co-factors, and it was discovered that both N30 
DNAzymes were faster than the N40 and N50 DNAzymes.
122 The contradiction of results may in 
part be due to the coverage of sequence space, and perhaps if all sequence space could be covered 
in each selection, regardless of the length of the random region, more motifs could impart more 
selectivity and enhanced kinetics. Yet at present, it remains that DNAzymes have been discovered 
that are as short as 5 nucleotides, and one of the most prolific and kinetically active DNAzymes 
(with a catalytic rate of ~1 min-1 in the presence of 200 µM Pb2+) has a catalytic core of only 18 
nucleotides, thus the optimal length of random region is inconclusive, and is likely co-factor and 
reaction dependent.123 It is therefore suggested that one use multiple random region lengths in a 
selection, since the optimal enzyme length cannot be currently predicted.  
1.3 Performing in vitro selection 
The in vitro selection method is used to discover intramolecular reactive DNA sequences 
through continuous rounds of exposing the DNA library to reaction pressure, isolating reactive 
sequences, amplifying the isolated sequences, and then repeating this process multiple times. 
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While the reaction and amplification processes are generally the same for all DNAzyme selections, 
there are two main techniques for isolating reactive DNA sequences, which are termed column-
based and gel-based selections (Fig. 1.3). 
1.3.1 Isolation of reactive DNA sequences 
 For column-based selection, there are two general types: one which binds DNA to the 
column, typically by the intermolecular interaction of biotinylated DNA and streptavidin-coated 
beads, and one which utilizes a resin functionalized with a transition state analogue and binds DNA 
selective to the analyte, similar to aptamer SELEX. Column-based selection which uses a 5'-biotin 
modified DNA sequence is most prominently used for intramolecular cleaving selections, such as 
selecting for RNA-cleaving DNAzymes, which will be described here as an example procedure. 
The dsDNA generated during PCR is dehybridized by an alkaline, low concentration EDTA wash 
(150 mM NaOH, 2 mM EDTA) and the complimentary sequence is washed from the column., 
This removal of the complementary strand is necessary for the potential DNAzyme sequences to 
be able to form into their unique tertiary structures, which requires ssDNA. Target metal ions or 
other important reactive species can then be added to the column to initiate activity. This process 
of DNA pool incubation with the target metal ion or reactive species is referred to as positive 
selection. In early rounds of in vitro selection, the duration of the incubation time during positive 
selection is typically 2-14 hours. Depending on the type of reaction and the success of the initial 
rounds of selection, incubation times can be progressively decreased throughout subsequent 
rounds to on the order of seconds in order to exert increasing “selection pressure” on the selection 
pool such that only the fastest DNAzymes are acquired. After positive selection is completed, 
active DNA sequences will have cleaved at the active site and are therefore no longer covalently 
attached to the column. Washing the column in low ionic strength buffer will elute active 
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sequences to be regenerated and amplified for the next round of selection. Column-based selection 
offers the distinct advantage of being more time-efficient, however, it can be less efficient in 
separating active from inactive sequences and introduces the potential for metal ion contaminants 
from the streptavidin beads. A cleaner separation can be achieved with denaturing Polyacrylamide 
Gel Electrophoresis (dPAGE), as described below. Some selections have used column-based 
selection, then further separated active DNAzyme sequences from their inactive counterparts using 
dPAGE.43 Other selections opt to only use dPAGE to isolate DNA after PCR and positive 
selection.  
To the authors’ knowledge, DNAzyme in vitro selection using transition state analogues 
has only been successfully applied once: for the selection of the mesoporphyrin IX metallating 
DNAzyme PS5.ST1 and its variants,115 which were subsequently truncated124 to the G-quadruplex 
binding hemin-peroxidase DNAzyme PS2.M.64 The selection was modeled after a successful 
antibody selection for the same reaction using N-methylmesoporphyrin IX (NMM) to act as a 
mimic of metallated mesoporphyrin IX.125 This selection separated DNA sequences based on 
NMM binding rather than activity; however, the resulting DNAzyme was able to not only bind 
Fig 1.3 Isolation techniques for in vitro selection using (a) column-based and (b) gel-based 
separation methods.  
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mesoporphyrin IX, but also to metallate the porphyrin with Cu(II) or Zn(II) with a higher efficacy 
than its analogous antibody.  
Gel-based in vitro selection takes more time and has sufficiently more experimental work-
up, however, it provides clean visual separation of inactive from active DNA sequences, provides 
a highly controlled positive selection environment, and is less likely to cause unaccounted side-
effects from the microenvironment. For each dPAGE run, one typically extracts DNA from 
crushed acrylamide gel with either a “quick” (5 minutes) or “long”  (2 hours to overnight) gel 
extraction process, and then uses ethanol precipitation to desalt the mixture.74 Typically, for each 
round of a selection, one runs between 2 and 3 gels depending on the incorporation of an additional 
process known as negative selection, which will be discussed more fully in the next section. 
Specifically, these dPAGE gels are used to separate the dsDNA generated from PCR, as well as 
the active DNAzyme sequences from any inactive sequences after the optional negative selection 
step and after the positive selection step.  
1.3.2 Negative selection 
Negative selection is typically only used when a DNAzyme with a specific metallocofactor 
is desired. In this case, negative selection is often necessary, because it is possible to generate 
DNAzymes that react with unintended and undesired components, such as with the selection buffer 
itself (e.g. Tris or Na+), or with other metal ions or cofactors which share similar properties with 
the intended target (e.g. Mg2+ and Mn2+). To remove these undesired DNAzyme sequences from 
the pool, the pool is incubated with any potential or known interfering metal ions and buffer. After 
this incubation, reactive sequences are discarded and only inactive DNAzyme sequences are 
retained, thus removing sequences with any undesired activity. The duration of negative selection 
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can vary between the duration of the positive selection and 12-24 h, for extremely resilient 
interfering sequences.   
 
1.3.3 Pool regeneration 
An important aspect of in vitro selection is amplification of the sequences after they 
undergone each round of positive selection. It should be noted that, based on the type of reaction, 
the DNA sequences will have been significantly modified during positive selection: either losing 
a portion of the primer sequence in the case of cleaving DNAzymes, or adding an oligomer in the 
case of ligating, linking and modification based DNAzymes. For DNAzymes which have a 
modified active site, such as forRNA cleavage or T=T crosslinking, there is typically a two-part 
PCR process to restore the active DNAzyme sequences after positive selection, whereby the first 
PCR amplifies sequences with all-DNA primers which extend past the active site. The second PCR 
reincorporates the active site with the desired modification (e.g. a ribo-adenosine site for an RNA-
cleaving selection) and additional bases to completely restore the full length DNAzyme sequences 
(Fig. 4). This two-step process also allows for selective amplification of only the desired 
DNAzyme strand through asymmetric PCR during the second amplification by incorporating a 
much higher fold excess of the forward primer, containing the modified active site, in comparison 
to the reverse primer. This allows the full length DNAzyme strand, incorporating the modified 
active site, to be produced in a much higher fold excess in comparison to its complementary strand, 
which is unneeded for the selection process. However, asymmetric PCR results in a lower overall 
amplification rate since it no longer results in exponential amplification, which is why the first 
PCR step is required to obtain a higher number of DNA sequences. Alternatively, this two-step 
process can be bypassed by using a longer primer sequence with an internal modification, though 
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this will eliminate the ability to selectively amplify the active DNAzyme sequences over their 
complementary sequences. 
Additionally, the primers used during pool regeneration will often provide a method to 
more easily separate DNAzyme sequences from their complementary sequences produced during 
PCR amplification. For column-based selections, this often involves incorporation of a biotin 
molecule in the “forward primer”, such that the active DNAzyme sequences will be able to bind 
to the streptavidin coated beads, and the non-biotinylated complementary strands can be washed 
away. For gel-based selections, one of the primers will often incorporate a non-amplifiable spacer 
with additional nucleobases, such that there is a large enough nucleotide size difference between 
the two strands that can be easily separated on a dPAGE gel (Fig. 4c). 
1.3.4 Monitoring selection progress 
In vitro selection can vary between 5 and 20 rounds of selection. To guide scientists in the 
number of rounds of selection that should be carried out and in the overall efficacy of the selection 
conditions on shaping the DNA pool through increasingly stringent selection pressure, each round 
is typically monitored for catalytic activity..Furthermore, additional activity assays can be carried 
out to monitor other properties of the selection pool, as described below.  
The main methods of monitoring the amount and activity of the DNA pool include labeling 
with radioactivity (32P), internal fluorophores, or a ssDNA dye. As may be expected, each method 
offers advantages and disadvantages. Both 32P-labeling and ssDNA dyes do not interfere with 
formation of the DNA secondary and tertiary structures, whereas internal fluorophore 
modifications have the potential to interfere with DNA structure formation, depending on the 
location and type of modification. Alternately, ssDNA dyes and fluorophores are typically less 
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sensitive and so require higher DNA concentrations to detect DNA activity. However, both are 
also generally safer to use than radioactive labeling, and do not require radioactive safety permits 
which must be updated annually. sing one of the aforementioned methods to monitor the relative 
DNA concentrations, the percentage of the DNA pool that is active during each round of selection 
can be calculated following the DNAzyme isolation step. In monitoring the percentage of active 
DNA in the pool, the success of the selection and the maturation of the pool can be determined. 
Assays measuring the DNAzyme pools’ reaction rates, and metal ion cofactor selectivity 
and sensitivity can be carried out during each selection round to determine if the cultivated pool 
contains a population of DNAzymes that generally meet the desired stringency of the selection 
conditions, in addition to indicating shifts in the pool population between rounds. Additionally, by 
monitoring the relative activity and selectivity of the pools for various rounds, one can identify 
which rounds to sequence. It should be noted that, while an activity assay shows the general 
activity of the pool, it is an average of the different DNAzymes in the pool, and not necessarily the 
rate of individual sequences in the pool, which can only be determined by identifying and testing 
individual DNAzyme sequences. 
1.3.5 Sequencing 
The two main methods of DNA sequencing include Sanger sequencing and deep 
sequencing, also called Next Generation Sequencing (NGS). Each sequencing method requires 
different sample preparation and offers its own pros and cons, which we will briefly review in this 
section.  Sanger sequencing requires separation of individual DNAzyme sequences from the pool, 
through a laborious process which involves ligation of the DNAzyme sequences into a plasmid, 
transfection into bacteria, and extraction of the plasmid DNA from individual bacterial colonies. 
Through Sanger sequencing, these plasmids are amplified using fluorophore terminated PCR and 
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the PCR product is electrophoretically separated and read to reveal the full sequence of the DNA. 
This conventional sequencing method is severely limited by the number of colonies which are 
generated and can be individually picked, typically between 20 and 150, which subsequently limits 
the number of rounds that can feasibly be cloned to only the last or most favorable round of 
selection. Despite these limitations, of the DNAzyme sequences extracted from the colonies can 
be readily tested for their activity, selectivity and sensitivity to be compared with their identified 
sequence without need for additional DNA chemical synthesis of each unique DNAzyme 
identified through sequencing.  
Deep Sequencing is able to simultaneously read millions of unique DNA sequences, which 
allows for sequencing of not only the entire DNA pool, but also the pools of multiple rounds of 
selection by tagging each round of selection with one or two barcode sequences which flank the 
DNAzyme.96 The incorporation of the DNA barcode allows sequences from each pool to be 
differentiated to allow for examination the changing identity and composition of individual 
sequences or families of sequences throughout the selection, calledpool progression. This 
information can also help to identify the most likely active DNAzyme sequences and how they are 
affected by different selection pressures throughout the rounds of selection. Thus, using deep 
sequencing produces a more complete selection story, but also massive amounts of data which 
often require more sophisticated sequence analysis tools to help identify the most promising 
DNAzyme candidates. Additinally, the sequences pulled from the data sets then need to be 
individually synthesized for activity tests, and so the chemical DNA synthesis and activity 
assaying of each individual DNAzyme sequence becomes the limiting factor when using deep 




1.3.6 Sequence analysis 
After sequencing results are obtained, sequences are aligned using programs such as multiple 
sequence alignment by CLUSTALW,126 which allows for additional grouping of similar sequences 
into families by generating sequence similarity networks. Based on sequence alignment and 
similarity, individual sequences can be identified as likely DNAzyme candidates and are 
individually tested for their activity by a time dependent assay. Typically, these assays are 
monitored using either fluorophore-modified or 32P-labeled DNA. Each sequence is incubated with 
its cofactor and aliquots of the reaction mixture are added to denaturing levels of urea and EDTA 
to stop DNAzyme reactivity at designated time intervals. Samples are then run on a dPAGE gel 
and imaged to identify their relative DNAzyme activity in the presence or absence of various 
cofactors or competing metal ions. The DNAzyme with the most favorable attributes will then be 
further characterized and modified for potential applications, such as the ability to perform multi-




1.4 Optimization of DNAzymes via truncation and cis-to-trans transformation  
After identifying a self-cleaving DNAzyme, 
further characterization is often carried out to 
transform the single stranded, or cis-form, 
DNAzyme with intramolecular catalytic activity 
into two separate DNA strands, including one 
substrate and one enzyme, which hybridize 
together to perform an intermolecular reaction. In 
order to achieve a trans-form DNAzyme, the 
enzymatic region first needs to be identified, which 
is often done by examining likely secondary 
structures predicted by programs such as Mfold.127 These secondary structures may or may not 
include the thermostable tetraloop and binding arms which were programmed into the original 
selection sequence. If the tetraloop and engineered binding arms are present in the predicted 
secondary structure, the enzymatic region can be easily identified, and the loop and excess bases 
can be removed and binding arms extended to produce a stable trans-DNAzyme (Fig. 5). Further 
truncation within the enzymatic region can sometimes be carried out by removing or shortening 
potential structural motifs (Fig. 5). These truncations sometimes eliminate or decrease activity, but 
on rare occasion have also increased DNAzyme efficacy. This increased efficacy may be a result 
of removing unneeded inactive folding conformations, or of increasing the favorability of the 
DNAzyme folding into its active form in comparison to other non-active conformations.    
  
Fig 1.4 Truncation (a) and cis-to-trans 
transformation (b) of NaA43. The truncated 
sequence is highlighted in red, while the 
tetraloop removed to allow for multi-turnover 
reactivity is indicated in blue. The enzyme and 
substrate sequences generated from this 




1.5 Reselection of DNAzymes 
If the catalytic properties, including selectivity, sensitivity, and reaction rate of the 
DNAzymes identified through in vitro selection do not meet the desired conditions, an alternative 
to starting a completely new selection is reselection through incorporation of mutations into the 
selected enzymatic sequence. These mutated sequences can then be subjected to further selection 
rounds to identify any sequences that have higher activity or other more desirable properties than 
the original sequence.128, 129, 130, 131 While error prone PCR has been used to randomly induce 
mutations in  some reselections, the most successful reselections have been carried out by partially 
randomizing the enzymatic sequence with an approximately 30% mutation rate during chemical 
synthesis of the DNAzyme pool. Such reselections have successfully generated DNAzymes with 
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Chapter 2: Selection of a Li+, Mg2+-selective DNAzyme 
2.1 Introduction 
While metal analysis has been established using techniques such as atomic absorption 
spectroscopy, atomic emission spectroscopy (AES), inductively coupled plasma (ICP)-AES and 
ICP-mass spectroscopy, these methods of instrumental analysis are limited to laboratory settings, 
are expensive to operate and cannot provide real-time information. To overcome these limitations, 
the field of portable detection has been growing over the past decade, which has been facilitated, 
in part, by the application of biotechnology. In particular, DNAzymes have been used to impart 
metal ion selectivity into otherwise non-selective modalities.132-136  
DNAzymes are single-stranded DNA sequences which fold into complex tertiary structures 
and are able to catalyzes a number of reactions, including cleavage of the phosphodiester backbone 
at a ribonucleotide site.30 Metal ions have been shown to play a critical role in the catalytic process. 
DNAzymes are discovered by an iterative screening and amplification process known as in vitro 
selection (Fig. 1A).74 In vitro selection starts with approximately 1015 different DNA sequences 
and, based on the selection conditions, can produce DNAzymes which are highly specific for metal 
ions cofactors in a range of concentrations. Thus far, DNAzymes have been selected that are 
specific for Pb2+,30-40 Zn2+,90-91 Mg2+,40-41 Cu2+,106 Ca2+, UO2
2+,42 Na+,43 Hg2+,93 Cd2+,137 Cr3+,89 
Ln3+,83-85 Ce3+,88 and Ag+.138  
DNAzymes usually have three main components: binding arms, an active site, and an 
enzymatic region (Fig. 1B). The ability to select a DNAzyme with metal ion specific activity, 
without prior chemical knowledge of the DNAzyme structure, and to subsequently modify 
programmable regions of the DNAzyme with minimal to no effect on DNAzyme selectivity and 
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sensitivity has made DNAzymes ideal metal-selective components for new metal ion sensing 
technologies and cellular applications. These attributes in conjunction with the relatively low-cost 
synthesis, chemical stability, and the ease of DNA functionalization-with a plethora of DNA 
modification reactions available-has made DNAzymes easy to decorate onto nanomaterials or with 
small molecules to allow for simultaneous imaging of multiple metal ions. By adapting 
DNAzymes for different sensing platforms, metal ions have been selectively detected using 
colorimetric,139 fluorescent,50 electrochemical,140-141 electrochemiluminescent, 
chemiluminescent,142 luminescent,143 SERS, glucose-meter,144-146 PCR,147 nanopore,148-149 and 
cantilever-based methods.150-151. Building upon the broad applicability of DNAzymes in metal ion 
sensing, in addition to the multiple platforms, specifically fluorescent, electrochemical and 
glucose-meter-based metal ion sensing strategies, I attempted to select a Li+-specific DNAzyme 
for biomedical applications and fundamental studies.  
Lithium is typically only available at trace levels in biology, however, lithium has been 
used since the mid- 1900s to treat manic disorders and remains one of the most used, and effective 
medications for patients with bipolar disorder.152-153 More recently, lithium is being explored for 
its neuroprotective abilities and assuaging the effects of traumatic brain injuries and Alzheimer’s 
disease.154 However, lithium as a drug comes with several complications, both from acute 
poisoning and long-term exposure.155-156 Because of the narrow range over which lithium is shown 
to be therapeutic without having negative side-effects patients who the drug must monitor their 
serum lithium levels closely.157 In order to monitor their drug levels patients’ serum lithium levels 
are monitored every 5 to 7 days for the first month of treatment and every 2 to 3 months 
afterwards.158 To allow patients to do at home monitoring of their lithium levels in addition to 
allow physicians access to more information to potentially reduce the negative acute and long-
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term side-effects of lithium being able to identify a lithium-specific DNAzyme which could be 
adapted into multiple sensing platforms seems ideal. At present, 3 DNAzymes that are able to 
detect monovalent metal ion species have been identified.43-44, 96 Two of these DNAzymes are able 
to selectively detect the alkali metal ion sodium, and one is able to detect Na+ in a fully aqueous 
environment. The successful selection of these DNAzymes indicated that selecting a Li+-
dependent DNAzyme is possible.  
 
2.2 Materials and methods 
2.2.1 Materials  
All DNA sequences were purchased from Integrated DNA Technologies (IDT) with standard 
desalting. Prior to use each sequence was purified via denaturing PAGE. 
Acrylamide/bisacrylamide 40 % solution (29:1) was obtained from Bio-Rad Laboratories, Inc. The 
following enzymes, reaction buffers, and reagents used were purchased from New England 
Biolabs: Taq polymerase, standard Taq buffer, T4-polynucleotide kinase, polynucleotide kinase 
buffer, and deoxynucleotide (dNTP) solution mix. Both 32P labeled α-ATP and γ-ATP were 
obtained from Perkin-Elmer. All PCR and 32P-labeling experiments were carried out in the BioRad 
thermocycler. The following chemicals were as obtained as follows: 3-(N-
morpholino)propanesulfonic acid (MOPS) (Amersham International plc), Urea (Affymetrix, MB 
grade), Tris (Affymetrix, MB grade), boric acid (Fischer Scientific, electrophoresis grade), 
Ethylenediaminetetraacetic acid (EDTA) (Fluka, 99.0%), EDTA∙2Na∙2H2O (Fisher Scientific), 
200 proof ethanol (Decon Laboratories, Inc.), sodium acetate, tetraethylammonium hydroxide, 
HCl (Alfa-Aesar, ultrapure), lithium hydroxide (Alfa aesar 99.999% puratonic salts), potassium 
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hydroxide, sodium hydroxide, HCl (Alfa-Aesar, ultrapure). All of the metal salts used were 
obtained as listed: LiCl (Alfa aesar 99.999% puratonic salts), NaCl (Alfa aesar 99.999% puratonic 
salts), KCl (Alfa aesar 99.999% puratonic salts), CsCl (Alfa aesar 99.999% puratonic salts), RbCl 
(Alfa aesar 99.999% puratonic salts) MgCl2, CaCl2, PbCl2. All prepared metal ion, buffer, and gel, 
and desalting solutions used Milli-Q water with no additional treatment. The pH of relevant 
solutions was confirmed using the Fisher Scientific Accumet AB15 pH meter. Primers and 
template DNA was desalted using Waters Sep-Pak columns. 
2.2.2 Sequences 
 
Table 2.2 transB35 DNA sequences. 
Name Sequence 
B35S 5′-CGCTTCTAGTTGrAGAGAGTCACGCG-3′  
B35E 5′-CGCGTGATATACCGCCGAATGCTCGCTTGGGAACTAGAAGCG-3′  
 
2.2.3 In vitro selection 
Selection was completed with two pools, using the same primer region and active site, with 
random regions of 25 (N25) and 50 nucleotides (N50). The full N25 pool was ordered directly from 
IDT and used directly after denaturing PAGE A purification (10% Acrylamide, 8 M urea, 90 mM 
Tris, 90 mM boric acid, 2.75 mM Na2EDTA), extraction in Buffer D (0.3 M NaCl, 0.001 M 
Na2EDTA, 0.015 M N(Et)4OH, 0.02 MOPs pH 7.4) and standard desalting using a Sep-pak 
column. A total of three different selections were carried out from the beginning with Selection A 







IDT Template (N25) 5′-CGAGGAGATGTCAAGATC-N25-AGTGTACGCACTGAGAGrAGTTGATCTTCTATACGCATAATG-5′
IDT Template (N50) 5′-CCTCGACAGTTCTAG –cN50-TCACATGCGTGACTCTCTCAACTAGAAGATATGC/3SpC3-3′
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using the N25 pool and branching into 5 different selections from rounds 2 and 7, Selection B and 
C both used N50 pools. For all selections pool generation, PCR amplification, and purification and 
desalting between selection rounds used the same buffers, with the only changes between different 
selection pools being the length of incubation time and different negative and positive selection 
buffers.    
Pool generation. The partial counter sequence of the N50 pool was ordered and the pool was 
generated via asymmetric PCR, due to IDT synthesis limitations. To generate the N50 pool 3 mL 
of 1x standard Taq buffer, , 6 U/100 μL Taq Polymerase, mM dNTP, 0.6 μM, 1 μM P3-rA, 100 
nM IDT Template (N50), 1 μL 32P-labeled α-ATP were mixed and underwent the follow 
temperature treatment: 3 min at 95 ˚C, repeated 14 x (30 s at 95 ˚C, 1.25 min 50 ˚C, 1.25 min 72 
˚C), 10 min at 72 ˚C, then cooled to 4 ˚C. The 3 mL of DNA product was then desalted using 
ethanol precipitation in ~65 % EtOH, ~0.25 NaOAc pH 5.2 chilled at -80 ˚C for at least 2 h, before 
the samples underwent centrifugation at -11 ˚C at 15000 rpm for 30 min then washed with 70 % 
EtOH and spun down for an additional 20 min at -11 ˚C at 15000 rpm. Samples were dried via 
lyophilization. Dried samples were resuspended in Millipore water and Stop Solution A (9.2 M 
Urea, 1/5 TB) and purified on a 10 % Acrylamide denaturing PAGE gel A. The purified sample 
was excised from the gel, the extricated gel was crushed and the sample DNA was extracted 
overnight in Buffer D at room temperature. Extraction DNA was desalted using ethanol 
precipitation as detailed above.  
Negative selection. Both N25 and N50 pools underwent 27 h negative selection for the first selection 
round, subsequent selection rounds used a 12 h negative selection incubation time, unless specified 
otherwise in Table 2.3-9. All pools, with the exception of Selection A5, were resuspended in Milli-
Q water and 2x selection buffer was added. To Selection A1 and B pools Selection Buffer C (0.2 
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M NaCl, 0.2 M KCl, 0.1 M CsCl, 0.1 M RbCl 0.1, 0.02 MOPS pH 7.4) was added in equal volume, 
while Selection A3 and C used Selection Buffer I (0.2 M NaCl, 0.2 M KCl, 0.02 MOPS pH 7.4), 
Selection A2 was incubated in Selection Buffer H (0.2 M NaCl, 0.2 M KCl, 0.1 M CsCl, 0.1 M 
RbCl, 0.002M MgCl2, 0.02 MOPS pH 7.4), and negative selection for Selection A5 was completed 
in Selection Buffer J (0.1 M NaCl, 0.1 M KCl, 0.01 MgCl2, 0.005 M NH4Cl, 20 mM MOPS pH 
7.4). After the duration of incubation Stop Solution B (9.2 M Urea, 0.001 M H2EDTA, 0.015 
LiOH, 1/5 TB) was added and all pools were purified using denaturing PAGE B (10% Acrylamide, 
8 M urea, 90 mM Tris, 90 mM boric acid, 1.5 mM EDTA with trace LiOH). The purified uncleaved 
DNA sequence was excised and extracted from crushed gel using Buffer E (0.1 M LiCl, 0.001 M 
H2EDTA, 0.015 M LiOH, 0.02 MOPs pH 7.4). Extracted DNA was desalted in ~70 % EtOH and 
100 μL Buffer G (5 M LiCl), and chilled for at least 2 h. Samples were spun down using at -11 ˚C 
at 15000 rpm for 30 min then washed with 70 % EtOH and spun down for an additional 20 min at 
-11 ˚C at 15000 rpm. Samples were again dried via lyophilization.  
Positive selection. For each positive selection round samples were resuspended in Milli-Q water 
then the reaction was initiated by the addition of 2x reaction buffer. Selections A1, A2, A3, A5 were 
incubated in Selection Buffer A (0.5 M LiCl, 0.001 M EDTA, 0.015 M LiOH, 0.02 MOPs pH 7.4), 
Selection A4 was incubated in 2x Selection Buffer K (0.2 LiCl, 0.001 M H2EDTA, 0.015 M LiOH, 
0.02 MOPs pH 7.4), Selection B was incubated in 2x Selection Buffer B (0.05 LiCl, 0.001 M 
H2EDTA, 0.015 M LiOH, 0.02 MOPs pH 7.4), Selection C was incubated in 2x Selection Buffer 
B (0.05 LiCl, 0.001 M H2EDTA, 0.015 M LiOH, 0.02 MOPs pH 7.4) for the first quarter of the 
incubation time, the concentration of Li+ was increased to 0.1 M Li+, 0.25 M Li+ and 0.5 M Li+ 
every quarter of the incubation time, 0.02 M MOPS pH 7.4 was maintained throughout the 
selection. Samples were incubated at room temperature for 1 h before the addition of Stop Solution 
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B (9.2 M Urea, 0.001 M H2EDTA, 0.015 M LiOH, 180 mM Tris, 180 mM boric acid). Samples 
were purified using denaturing PAGE A, from which the cleaved sequence was extracted using 
extraction in Buffer D and desalted using precipitation buffer F (3M NaOAc).  
PCR amplification. To regenerate the cleaved N50 and N25 pools a two-step PCR process was used 
(Fig 2.3). PCR 1 extended the cleaved DNA sequence with P2. Subsequently PCR 2 fully restores 
the extended sequence to the initial full-length DNA pool sequence and reincorporated the RNA 
active site. PCR 1 used 1x standard Taq buffer, 6 U/100 μL Taq Polymerase, mM dNTP, 1 μM 
P1-iSp3, 0.5 μM P2, 50 μL of 150 μL of the desalted Positive Selection product. The PCR 1 
mixture underwent the following heat treatment: 3 min at 95 ˚C, repeated 18-24 x (30 s at 95 ˚C, 
1.25 min 58 ˚C, 1.25 min 72 ˚C), 10 min at 72 ˚C, then the mixture is cooled to 4 ˚C. PCR 2 used 
1x standard Taq buffer, 6 U/100 μL Taq Polymerase, mM dNTP, 1 μM P1-iSp3, 1 μM P3-rA, ,10 
μL PCR 1 product, and 1 μL 32P-labeled α-ATP were mixed and underwent the follow temperature 
treatment: 3 min at 95 ˚C, repeated 14 x (30 s at 95 ˚C, 1.25 min 52 ˚C, 1.25 min 72 ˚C), 10 min 
at 72 ˚C, then cooled to 4 ˚C. The remainder of PCR 1 is stored at -20 ˚C. All of the PCR 2 product 
is PAGE purified.  
Gel-Based Activity Assays. Activity assays were carried out to determine the best round of 
selection and selection conditions to submit for sequencing, to characterize individual sequences 
and to identify the truncated trans-DNAzyme construct. All activity assay experiments were 
carried out with 32P-labeled DNA, labeled internally for all PCR-generated sequences and labeled 
on the 5′ of B35S by polynucleotide kinase. Assays were carried out with PAGE purified and 
desalted DNA, dissolved in Milli-Q H2O. DNA was mixed with 2x reaction buffer to initiate the 
reaction, at predetermined timepoints 2 μL aliquots of the reaction mixture were removed and 
added to 20 μL of Stop Solution C (9.2 M Urea, 0.001 M H2EDTA, 0.015 M LiOH, 180 mM Tris, 
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180 mM boric acid, 0.05 % xylene cyanol, 0.05 % bromophenol blue). Samples were run on 10 % 
dPAGE gels, gels were wrapped in cellophane and exposed to a phosphoimage film, the image 
was captured using a Molecular Dynamics Storm 430 Phosphorimager (from Amersham 
Biosciences). The total percent of DNA cleaved at each timepoint was quantified using Image 
Quant (Molecular Dynamics) Software, each image was adjusted for background. Because of the 
exceeding slow reaction rate for both the DNA pool and DNAzymes ultimately obtained the rate 
was determined using eqn. 1 in which [P]t is the cleavage at time t, t is time, [P]0 is initial cleavage, 
kobs is the pseudo-first order rate constant or eqn. 2 when the reaction was run for more than 12h. 
[P]t= kobs ·t + [P]0                                                       (eqn. 1) 
[𝑷]𝒕 = [𝑷]∞(𝟏 − 𝒆
−𝒌𝒐𝒃𝒔𝒕)                                    (eqn. 2) 
In eqn. 2 [P]t is cleavage at time t, t is time, [P]∞ is the final cleavage ratio and kobs is the rate 
constant. 
Cloning. Round 24 of Selection A1 and round 15 of Selection A2 were both PCR amplified using 
primers P1 and P3-rAOpt. The PCR product was PAGE purified, desalted and incorporated into a 
plasmid using Invitrogen TOPO TA Cloning Kit for Sequencing and grown in Transform One 
Shot TOP10 competent cells according to the provided protocol. TOP10 competent cells were 
plated under sterile conditions and grown overnight. Under sterile conditions 50 colonies from 
Selection A1 and 40 colonies from Selection A2 were picked and grown in 4-6 mL of LB. Plasmids 
were extracted using Qiagen Miniprep. 
Sequencing. 50 plasmid sequences from Selection A1 and 40 plasmid sequences from Selection A2 





2.3 Results and discussion 
2.3.1 Pool design  
DNA design plays a key role in the likelihood of success in in vitro selection. Selection A, B and 
C all had common primers and the pool only differed in the length of the random region (Figure 
2.1). The designed region of the DNA pool contained 2 regions that were likely to base-pair in 








Fig 2.2 Pool generation strategy for the N
50
 pool. P3-rA is used to generate the full DNA pool from 
elongating the template sequence (indicated in green).     
Fig 2.1 Sequence design for N25 and N50 pools, including indication of the random region, the 
thermostable tetraloop to correctly fold the DNA sequence and the primers for amplification.  
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intended active site, a riboadenosine. While the pool for Selection A was fully synthesized by IDT, 
the N50 pool used for Selections B and C had to be generated by an asymmetric PCR and the 
complementary sequence to the pool (Fig 2.2).  
 Since the goal of the in vitro selection was to select a DNAzyme that was self-cleaving, 
thereby changing the size of the DNAzyme, it was imperative to be able to restore the active DNA 
Scheme 2.1 A schematic of pool regeneration via PCR 1 and PCR 2, in which the black and green 
sequence indicates the cleaved DNA pool, P1-iSp3 is shown in blue, P2 is shown in orange and 
P3-rA is shown in black with the red rA. All of the products of the PCR reaction are further shown 
in the dPAGE image with the indicated products. 
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sequences to the full-length DNA pool with an incorporated rA. To do this, a two-step PCR process 
was designed with 3 primers. The first PCR was designed to amplify the active DNA sequences in 
addition to extending the DNA by primer P2. The second PCR was used to further amplify the 
pool and incorporate the rA site. The primer for the complementary sequence had an extended 
DNA tag to allow for a simple PAGE separation of the complementary sequences to generate the 
single-stranded DNA pool.  
2.3.2 In vitro selection  
In order to successfully select a Li+-specific DNAzyme the design of the in vitro selection becomes 
crucial. The following selection strategy was designed to cultivate a pool of lithium selective 
DNAzymes without significant regard to the sensitivity of DNAzymes produced. A gel-based 
separation strategy was used since it allowed for better visualization of selection progress in 
addition to better separation of the PCR product and inactive and active DNAzyme sequences 
(Scheme 2.1). To increase the likelihood that the DNA library cultivated would be selective for 
Scheme 2.2 In vitro selection gel-based strategy.  
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lithium over other monovalent metal ion two different sets of buffers were used prior to negative 
selection and prior to positive selection. All buffers used for DNA extraction and desalting prior 
to the negative selection step did not contain any lithium. However, in attempts to prevent any 
reactivity with other monovalent metal ions stop solution, gel stock, extraction buffer, and ethanol 
precipitation was modified to remove sodium and other monovalent metal ions. For these 
solutions, LiOH was used to adjust the pH of MOPS, and to solubilize acidic EDTA. Additionally, 
the standard TBE solution was modified to use acidic EDTA.  Both the positive and negative 
selection buffers were at pH 7.4, to mimic the pH of serum, 20 mM MOPS (pKa= 7.20, buffering 
range from pH 6.5-7.9) was used as the buffering component. The positive selection buffer 
contained Li+, MOPS, and EDTA, where Li+ acted as both the selection target, and the source of 
ionic strength. Therefore, a conventional negative selection against buffer components could not 
be carried out. Instead the negative selection was treated as a counter selection against other 
monovalent metal ions. Selections A, B, and C all had a counter selection against monovalent 
alkali metal ions potassium and sodium at 200mM each and cesium and rubidium at 100 mM each 
since K+ and Na+ are biologically relevant and Cs+ and Rb+ are not. The counter selection 
incubation time was 27 h for the first round of selection and 12 h for subsequent rounds. DNA 
sequences that reacted in this medium were removed by dPAGE purification. The overall 
concentration of Li+ was decided at 500 mM for Selection A. Although the ionic strength was 
relatively high, a previous parallel selection for the NaA43, showed little variation in the most 
active sequences generated, whether the ionic strength and target component was 135 mM or 400 
mM.43 It was thereby assumed that this would apply generally to the Li+-selective DNAzyme 
selection.  In attempts to selection a DNAzyme that was similarly selective but worked at a lower 
ionic strength Selection B was carried out at 50 mM Li+. When Selection B failed to yield any 
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significant activity Selection C was developed in an attempt to generate a pool that would tolerate 
lower ionic strength, the ionic strength was increased in concentration from 50 mM to 100 mM to 
250 mM to 480 mM within every round of positive selection, with incubation at each concentration 
lasting one fourth the total incubation time. The incubation time of each selection varied based on 
the overall cleavage of the previous round and is given in Table 2.3-9.  
 



























Selection Round Incubation Time (h) [Li+] (mM) 
1-19 1 500 
20 0.5 500 
21-24 0.25 500 
*Negative Selection Time Round 1 is 27 h, subsequent Rounds 12 h 
Selection Round Incubation Time (h) [Li+] (mM) 
1-12 1 50 
*Negative Selection Time Round 1 is 27 h, subsequent Rounds 12 h 
Selection Round Incubation Time (h) [Li+] (mM) 
1-14 2 50-->500  
15 1 50-->500 
16-19 0.5 50-->500 
*Negative Selection Time Round 1 is 27 h, subsequent Rounds 12 h 
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Table 2.7 Selection A3 incubation time and the concentration of target Li
+. 
Selection Round Incubation Time (h) [Li+] (mM) 
7-9 1 500 
*Negative Selection 12 h   
 
Table 2.8 Selection A4 incubation time and the concentration of target Li
+. 
Selection Round Incubation Time (h) [Li+] (mM) 
2-8 2 200 
9 1.17 200 
*Negative Selection 2h    
 






 Selection A used an N25 pool, and initially had a 1 h positive selection incubation time in 
500 mM LiCl and was able to cultivate a pool of DNA that reacted in the presence of lithium. The 
selection proceeded for a total of 24 rounds of positive selection and 23 rounds of negative 
selection. To monitor the progress of Selection A the percent of the cleaved DNA after both the 
positive and negative selection was calculated for each round (Fig 2.3). The initial 27 h negative 
selection showed 2.6 % cleaved DNA. Subsequent rounds of negative selection showed little 
activity until round 10. The percent cleavage of the negative selection is significantly higher than 
the cleavage of the positive selection, this is likely due to the increased incubation time that the 
DNA pool has in the negative selection buffer and is thereby not truly indicative of the selectivity 
Selection Round Incubation Time (h) [Li+] (mM) 
7-13 1 500 
14-15 0.5 500 
16-17 0.25 500 
*Negative Selection 12 h     
Selection Round Incubation Time (h) [Li+] (mM) 
7-12 1 500 
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of the DNAzyme pool for Li+. Monitoring the cleavage of DNA for positive selection did not show 
any apparent DNAzyme activity until round 7. The total cleavage percent for the positive selection 
was slow to increase, reaching a peak at round 16. Round 20 and 21-24 likely show decreased 
activity due to the decreased incubation time (Table 2.3).  
 
Fig 2.3 Cleavage of each positive and negative selection round of Selection A1.  
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 To ensure that the DNA pools for Selection A1 were selective for Li
+ an activity assay was 
run (Fig 2.4). The activity assay of the pool indicated it was more active with Li+ than with 
monovalent metal ions Na+, K+, Cs+, and Rb+, but was not selective against Mg2+. Based on these 
results starting at round 7, the initial round with apparent activity, three different negative selection 
strategies were attempted, splitting the Selection A into Selection A1 which continued with the 
same conditions, Selection A2 which incorporated 2 mM Mg
2+ into the negative selection buffer, 
Selection A3 which focused on only K
+ and Na+ in the negative selection buffer, and Selection A5 
which removed negative selection in hopes of cultivating a more reactive DNA pool. The progress 
of each selection was monitored by cleavage percent and is shown in Fig 2.5. Based on further 
activity assays Selection A1 and Selection A2 were the only selection which maintained or 
Fig 2.4 Activity Selection A1 round 13 and 14 at 500 mM M
+ or 10 mM Mg2+ in 20 mM MOPS 
pH 7.4.   
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improved monovalent metal ion selectivity so Selection A3 and Selection A5 were discontinued 
after several rounds. Selection B underwent 12 rounds of selection but showed no increase in 
activity and was therefore stopped after round 12.  
 
 Selection C was able to cultivate an N50 pool that had activity with Li
+ as shown by Fig. 
2.6. Over the 18 rounds of selection, Selection C showed significant activity with Li+ starting in 
round 11, which increased significantly in round 12. The decreased activity in round 14 may be 
due to a population of DNA within the pool, but without next generation sequence analysis, this 
theory cannot be confirmed. The decreased activity in round 15 and subsequent rounds is likely 
Fig 2.5 Progression of Selection A2 (A) Selection A5 (B) Selection A3 (C) Selection B (D) monitored 
by the percent cleavage of each round of selection.  
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due to the decreasing incubation time employed in these rounds of positive selection. Overall, 
higher rate of cleavage from the negative selection is likely because of the longer time allotted for 
the negative selection incubation.   
 
 
 To determine which round of selection would be best to sequence activity assays of 
Selection A1, Selection A2 and Selection C were run (Fig 2.7). Selection A2 showed an increase in 
activity of the pool from rounds 13 to 18, and a plateau in activity after round 20 (Fig 2.7 B). 
Additionally, Selection A1 was at approximately 2 times more active than the most active rounds 
of Selection C (Fig 2.7A).  Selection A2 showed similar activity and selectivity to Selection A1 
and therefore round 24 of Selection A1 and round 15 of Selection A2 were both submitted for 
sequencing.  




Fig 2.7 The activity of the DNAzyme pools over multiple rounds is given by the observed first-
order rate constant (k
obs









2.3.3 Sequence characterization 
In order to identify possible Li+-specific DNAzymes 140 plasmids were submitted for 
sequencing. Only 18 unique sequences were identified and there is high homology between two 
groups of sequences. One group had a repeating CCGCC motif while the second group of DNA 
sequences has a repeating ATAGG motif.   
Fig 2.8 Sequence alignment table per group cloned.  
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 To determine which sequence had the most desirable characteristics all identified 
sequences were tested for Li+ activity and selectivity against Na+ and Mg2+. Of the two groups of 
sequences identified, generally sequences with the CCGCC motif showed higher activity with Li+, 
notably B2, B5, B14, B6, B49, and B35, but also showed higher activity with Mg2+. Sequences 
with the ATAGG motif consistently showed lower activity with 10 mM Mg2 than with 200 mM 
Li+, however, it should be noted that these concentrations of both lithium and Mg2+ would to too 
high for quantification in biological samples. All sequences showed preferential activity with Li+ 
over Na+. The low activity with Na+ is potentially a byproduct of the stringent counter selection. 
B35 was identified as having the highest activity with Li+ and so underwent further 
characterization. 
 
Fig 2.9 The activity of identified DNA sequences with 200 mM Li+,200 mM Na+, or 10 mM Mg2+ 
in 20 mM MOPS pH 7.4. All sequences containing the CCGCC motif are grouped in by the green 
background, while sequences containing the ATAGG motif are grouped in the purple background. 
The activity of sequences B5, C35 and C2 with 10 mM Mg2+ was not quantified but is not 
necessarily zero.  
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2.3.4 Cis-to-trans sequence characterization 
Prior to further characterization of the selectivity and sensitivity of the B35, B34, and B2 
DNAzymes all three sequences were truncated and converted from the cis-to-trans for of the 
DNAzyme. The truncation was completed by removing the primer binding region which extended 
beyond the two arms of the DNAzyme, while the cis-to-trans transformation was completed by 
removing the thermostable tetraloop. All of the excised regions are highlighted in yellow in Fig. 
2.10 A. To ensure the stability of the new trans-cleaving DNAzymes the binding arms were 
extended by 3 to 5 bases on each side of the DNAzyme. The successful truncation and 
transformation of the B35 DNAzyme with no modification of N25 region indicates that the 
enzymatic activity of the DNAzyme was a product of the N25 region and not the extended primer 
Fig 2.10 The predicted secondary structures of the cis-B35 DNAzyme (A) and the trans-B35 
DNAzyme (B). The yellow line indicates the removed DNA sequences in the cis-to-trans 
transformation, while the blue arrows indicate the extension of the trans-DNAzyme, the red circle 
highlights the rA active site. 
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binding region, or an interaction between the primer binding region and the N25 region. However, 
the loss of activity for B34 and B2 may indicate a more complicated enzymatic structure than B35.  
Characterization of the two CCGCC (B2 and B35) sequences and ATAGG sequence (B34) 
showed that by transforming the DNAzyme from the cis-to-trans form B2 and B34 show a 
significant loss in activity, however, the B35 DNAzyme retains activity, and selectivity against 
monovalent metal ions (Fig. 2.11A). The B35 DNAzyme also showed significant activity with 10 
mM Mg2+ or Ca2+, or 500 mM NH4
+ at pH 7.4. Additionally, the B35 DNAzyme showed very low 
reactivity when the concentration Li+ was decreased from 0.5 M Li+ to 0.1 M Li+. While the B35 
DNAzyme retained selectivity against the monovalent metal ions used in the counter selection, the 








In vitro selection is a powerful process to identify DNAzymes with desired 
activity. In this chapter, 3 selection strategies and one branched selection were 
discussed. While one selection with lower levels of ionic strength showed no activity 
after 12 rounds of selection, the 2 other selections strategies showed Li+-dependent 
activity in rounds 7 and 11 and continued to grow in later selection rounds. The 
cultivated pools showed Mg2+-dependent activity in all pools and attempts to remove 
this activity using counter selection were unsuccessful. Sequencing of the pools 
revealed 2 major DNAzyme families with identifying repeated motifs being CCGCC 
and ATAGG. Most DNAzymes from this selection with the CCGCC motif showed 
slightly higher activity with both Li+ and Mg2+ than DNAzymes from the ATAGG 
family. Attempts were made to design trans-DNAzymes from both the CCGCC and 
ATAGG families, but only one DNAzyme from the CCGCC family was 
successfully transformed, while retaining activity. This DNAzyme is named the B35 
DNAzyme and can cleave chimeric DNA at a riboadenosine site in the presence of 
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Chapter 3: Selection of a Li+-selective DNAzyme 
3.1 Introduction 
Lithium is one of the most well-established drugs for the treatment of bipolar disorder and 
mania.1-2 However, despite its efficacy the mechanism by which lithium works is still debated. In 
mouse models of bipolar disorder, the Na+-channel is overactive, making it difficult for cells to 
maintain the delicate chemical potential which allows neuronal signaling. It has been hypothesized 
that lithium is able to compete with Na+ for uptake in these channels helping to stabilize the Na+ 
potential across the cell membrane. Other hypotheses focus of competition between Li+ and Mg2+ 
for binding sites in proteins.3-4 It has also been shown that Li+ has neuroprotective properties that 
are effective in the case of traumatic brain injury.5 However, it is difficult to monitor Li+ in these 
studies.  
One of the pivotal changes in the study of cells came with the application of a Ca2+-
dependent fluorophore to monitor Ca2+ in cells.6 The application of fluorescence detection in cells 
is widely applied.  While several Li+-dependent fluorophores have been developed7 many of them 
rely on an organic medium to function,8-9 have low fluorescence intensity,10 or low selectivity. 
DNAzyme-based fluorescent probes offer an opportunity to overcome these limitations. 
DNAzymes are soluble in aqueous solutions because of the phosphate backbone, and well-
established synthesis techniques allow DNAzymes to be modified with a plethora of different 
fluorophores.7 With the application of DNAzymes in cells,11 and the use of a photocage to allow 
controlled activation of a DNAzyme probe,12-13 the use of a DNAzyme fluorescent probe to 
measure relative metal ion concentrations becomes more promising.   Furthermore, the recent 
discovery of a highly selective Na+-dependent DNAzyme,14-15 show promise that obtaining a Li+-
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selective DNAzyme could offer new insights into the role of Li+ in biology. This chapter explores 
the in vitro selection design and sequence of analysis for a Li+-dependent DNAzyme.  
 
 
3.2 Materials and methods 
3.2.1 Materials  
All DNA sequences were purchased from Integrated DNA Technologies (IDT) with 
standard desalting. Prior to use each sequence was purified via denaturing PAGE. 
Acrylamide/bisacrylamide 40 % solution (29:1) was obtained from Bio-Rad Laboratories, Inc. The 
following enzymes, reaction buffers, and reagents used were purchased from New England 
Biolabs: Taq polymerase, standard Taq buffer, T4-polynucleotide kinase, polynucleotide kinase 
buffer, and deoxynucleotide (dNTP) solution mix. Both 32P labeled α-ATP and γ-ATP were 
obtained from Perkin-Elmer. All PCR and 32P-labeling experiments were carried out in the BioRad 
thermocycler. The following chemicals were as obtained as follows: 3-(N-
morpholino)propanesulfonic acid (MOPS) (Amersham International plc), Urea (Affymetrix, MB 
grade), Tris (Affymetrix, MB grade), boric acid (Fischer Scientific, electrophoresis grade), 
Ethylenediaminetetraacetic acid (EDTA) (Fluka, 99.0%), EDTA∙2Na∙2H2O (Fisher Scientific), 
200 proof ethanol (Decon Laboratories, Inc.), sodium acetate, , HCl (Alfa-Aesar, ultrapure), 
lithium hydroxide (Alfa aesar 99.999% puratonic salts), potassium hydroxide, sodium hydroxide, 
HCl (Alfa-Aesar, ultrapure). All of the metal salts used were obtained as listed: LiCl (Alfa aesar 
99.999% puratonic salts), NaCl (Alfa aesar 99.999% puratonic salts), KCl (Alfa aesar 99.999% 
puratonic salts), CsCl (Alfa aesar 99.999% puratonic salts), RbCl (Alfa aesar 99.999% puratonic 
salts), MgCl2 (Alfa aesar 99.999% puratonic salts), CaCl2 (Alfa aesar 99.999% puratonic salts), 
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PbCl2 (Alfa aesar 99.999% puratonic salts), MnCl2(Alfa aesar 99.999% puratonic salts), CoCl2 
(Alfa aesar 99.999% puratonic salts), SrCl2 (Alfa aesar 99.999% puratonic salts), BaCl2 (Alfa aesar 
99.999% puratonic salts), NiCl2 (Alfa aesar 99.999% puratonic salts), ZnCl2 (Alfa aesar 99.999% 
puratonic salts), CdCl2 (Alfa aesar 99.999% puratonic salts), HgCl2 (Alfa aesar 99.999% puratonic 
salts), InCl3 (Alfa aesar 99.999% puratonic salts), CeCl3 (Alfa aesar 99.999% puratonic salts), 
EuCl3 (Alfa aesar 99.999% puratonic salts), SmCl3 (Alfa aesar 99.999% puratonic salts), YbCl3 
(Alfa aesar 99.999% puratonic salts). All prepared metal ion, buffer, and gel, and desalting 
solutions used Milli-Q water with no additional treatment. The pH of relevant solutions was 
confirmed using the Fisher Scientific Accumet AB15 pH meter. Primers and template DNA was 
desalted using Waters Sep-Pak columns. 
3.2.2 Sequences 
Table 3.1 DNA sequences ordered for the in vitro selection of a Li+-DNAzyme.  
Name Sequence 
P2 5′-GCATCTTACTTCAGTTAGGGAGACTCGCACG-3′ 
P3-Opt 5′-GATACATAGCATCTTACTTCAGTTAG -3’ 
P3-rG  5′-GATACATAGCATCTTACTTCAGTTArG -3’ 
P1-iSp3 5′-GACAACAACAACAAC-iSp18-GACCGGACCTCCTTCAG-3′  
P1  5′-GACCGGACCTCCTTCAG-3′  
IDT Template (N35) 
5′-GACAACAACAACAAC-iSp18-GACCGGACCTCCTTCAG-cN35-
GACTCGTGCGAGTCTCCCTAACTGAAGTAAGATGCTATGTATC-3′ 
IDT Pool (N25) 5′-GATACATAGCATCTTACTTCAGTTArGGGAGACTCGCACGAGTC-N25-CTGAAGGAGGTCCGGTC-3’ 
 
3.2.3 In vitro selection 
Selection was completed with two pools, using the same primer region and active site, with random 
regions of 35 (N35) and 25 (N25) nucleobases. The full N25 pool was ordered directly from IDT and 
used directly after denaturing PAGE A purification (10% Acrylamide, 8 M urea, 90 mM Tris, 90 
mM boric acid, 2.75 mM Na2EDTA), extraction in Buffer A (0.3 M NaCl, 0.001 M Na2EDTA, 
0.015 M N(Et)4OH, 0.02 MOPs pH 7.4) and standard desalting using a Sep-pak column. The IDT 
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Template (N35) used to generate the N35 was similarly purified and desalted prior to pool 
generation.  
Pool generation. The partial counter sequence of the N35 pool was ordered and the pool was 
generated via asymmetric PCR, due to IDT synthesis limitations. To generate the N35 pool 3 mL 
of 1x standard Taq buffer, 6 U/100 μL Taq Polymerase, 0.2 mM of each dNTP, 1 μM P3-rG, 100 
nM IDT Template (N35), 1 μL 32P-labeled α-ATP were mixed and underwent the follow 
temperature treatment: 3 min at 95 ˚C, repeated 14 x (30 s at 95 ˚C, 1.25 min 60 ˚C, 1.25 min 72 
˚C), 10 min at 72 ˚C, then cooled to 4 ˚C. The 3 mL of DNA product was then desalted using 
ethanol precipitation in ~65 % EtOH, ~0.25 NaOAc pH 5.2 chilled at -80 ˚C for at least 2 h, before 
the samples underwent centrifugation at -11 ˚C at 15000 rpm for 30 min then washed with 70 % 
EtOH and spun down for an additional 20 min at -11 ˚C at 15000 rpm. Sample were dried by 
vacuum. Dried samples were resuspended in Millipore water and Stop Solution A (9.2 M Urea, 
1/5 TB) and purified on a 10 % Acrylamide denaturing PAGE gel. The purified sample was excised 
from the gel, the extricated gel was crushed and the sample DNA was extracted in Extraction 
Buffer B (0.1 M LiCl, 0.001 M H2EDTA, 0.015 M LiOH, 0.02 MOPs pH 7.4) using a quick 
extraction technique. Extracted DNA was desalted using EtOH precipitation with approximately 
70 % EtOH, and 0.08 M LiCl, and chilled at -80 ˚C for 2 h or more. Samples were spun down at -
6 ˚C at 15000 rpm for 30 min. The supernant was removed and the sample washed with chilled (-
20 ˚C) 70 % EtOH for an additional 20 min at -6 ˚C at 15000 rpm. Samples were dried by vacuum. 
Counter Selection. Selection A underwent counter selection. Each counter selection round 
resuspended the DNA sample in Milli-Q water, the reaction was initiated within minutes of 
resuspension by the addition of 2x counter selection buffer (100 mM NaCl, 100 mM KCl, 10 mM 
MgCl2, 5 mM NH4Cl, 20 mM MOPS pH 7.4). After 2 h the reaction was stopped with an equal 
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volume of Stop Solution (9.2 M urea, 50 mM EDTA, 1/5 TB, trace Li+). After the reaction was 
stopped, the sample was PAGE purified on a 10 % Acrylamide gel, the unreacted DNA was 
excised and the gel was crushed. DNA was extracted from the gel in Extraction Buffer A using a 
quick extraction technique. Extracted DNA was desalted using EtOH precipitation with 
approximately 70 % EtOH, and 0.08 M LiCl, and chilled at -80 ˚C for 2 h or more. Samples were 
spun down at -6 ˚C at 15000 rpm for 30 min. The supernant was removed and the sample washed 
with chilled (-20 ˚C) 70 % EtOH for an additional 20 min at -6 ˚C at 15000 rpm. Samples were 
dried by vacuum.  
Positive Selection. For Selection A and B positive selection samples were resuspended in Milli-Q 
water then the reaction was initiated by the addition of 2x positive selection buffer (0.2 M LiCl, 
0.001 M EDTA, 0.015 M LiOH, 0.02 MOPs pH 7.4). Samples were incubated at room temperature 
for 2 h before the addition of Stop Solution B (9.2 M Urea, 0.001 M H2EDTA, 0.015 LiOH, 180 
mM Tris, 180 mM boric acid). Samples were purified using denaturing PAGE, from which the 
cleaved sequence was extracted using Buffer A, and desalted using precipitation 0.3M NaOAc for 
selection A and B.  
PCR amplification. To regenerate the cleaved N50 pool there is a two-step PCR process. PCR 1 
adds extends the cleaved DNA sequence with P2. Subsequently PCR 2 fully restores the extended 
sequence to the initial full-length DNA pool sequence and reincorporates the RNA active site. PCR 
1 uses 1x standard Taq buffer, 6 U/100 μL Taq Polymerase, mM dNTP, 0.6 μM P1-iSp3, 1 μM 
P2, 50 μL of the 150 μL of redissolved desalted Positive Selection product, 1 μL 32P-labeled α-
ATP. The PCR 1 mixture undergoes the following heat treatment: 3 min at 95 ˚C, repeated 14-22 
x (30 s at 95 ˚C, 1.25 min 60 ˚C, 1.25 min 72 ˚C), 10 min at 72 ˚C, then the mixture is cooled to 4 
˚C. PCR 2 uses 1x standard Taq buffer, U Taq, mM dNTP, 1 μM P1-iSp3, 1 μM P3-rA, , 5 μL of 
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PCR 1 product, 1 μL 32P-labeled α-ATP were mixed and underwent the follow temperature 
treatment: 3 min at 95 ˚C, repeated 14-18 x (30 s at 95 ˚C, 1.25 min 52 ˚C, 1.25 min 72 ˚C), 10 
min at 72 ˚C, then cooled to 4 ˚C. The remainder of PCR 1 is stored at -20 ˚C. All of the PCR 2 
product is PAGE purified. The regenerated pool of Selection A was extracted in Buffer A and 
Selection B was extracted into Extraction Buffer B. Selection A was desalted in using ethanol 
precipitation with 0.3 M NaOAc as a counter ion and Selection B used 0.08 M LiCl as a counter 
ion.  
Gel-Based Activity Assays. Activity assays were carried out to determine the best round of 
selection and selection conditions to submit for sequencing, to characterize individual sequences. 
All activity assay experiments were carried out with 32P-labeled DNA, labeled internally for all 
PCR-generated sequences, dissolved in Milli-Q H2O. DNA was mixed with 2x reaction buffer to 
initiate the reaction, at predetermined timepoints 2 μL aliquots of the reaction mixture were 
removed and added to 20 μL of Stop Solution C (9.2 M Urea, 0.001 M H2EDTA, 0.015 M LiOH, 
180 mM Tris, 180 mM boric acid, 0.05 % xylene cyanol, 0.05 % bromophenol blue). Samples 
were run on 10 % dPAGE gels, gels were wrapped in cellophane and exposed to a phosphoimage 
film, the image was captured using a Molecular Dynamics Storm 430 Phosphorimager (from 
Amersham Biosciences). The total percent of DNA cleaved at each timepoint was quantified using 
Image Quant (Molecular Dynamics) Software, each image was adjusted for background. Because 
of the exceeding slow reaction rate for both the DNA pool and DNAzymes ultimately obtained the 
rate was determined using eqn. 1 in which [P]t is the cleavage at time t, t is time, [P]0 is initial 
cleavage, kobs is the pseudo-first order rate constant or eqn. 2 when the reaction was run for more 
than 12h. 
[P]t= kobs ·t + [P]0                                                       (eqn. 1) 
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[𝑷]𝒕 = [𝑷]∞(𝟏 − 𝒆
−𝒌𝒐𝒃𝒔𝒕)                                    (eqn. 2) 
In eqn. 2 [P]t is cleavage at time t, t is time, [P]∞ is the final cleavage ratio and kobs is the rate 
constant. 
Cloning. Round 8 of Selection B was PCR amplified using primers P1 and P3-Opt. The PCR 
product was PAGE purified, desalted and incorporated into a plasmid using Invitrogen TOPO TA 
Cloning Kit for Sequencing and grown in Transform One Shot TOP10 competent cells according 
to the provided protocol. TOP10 competent cells were plated under sterile conditions and grown 
overnight. Under sterile conditions 100 colonies were picked and grown in 4-6 mL of LB. Plasmids 
were extracted using Qiagen Miniprep. 




3.3 Results and discussion 
With the moderate success of the previous selections two new selection schemes were designed 
with two new pools of DNA. These two pools consisted of two different sized random regions 
having 25 and 35 nucleotides in the random region and were labeled selection A and B, 
respectively. The two selection pools were exposed to similar positive selection conditions, 
starting with an incubation of the pool for 2 h in 200 mM LiCl, 20 mM MOPS, pH 7.4. Only 
selection A was exposed to negative selection prior to each round of positive selection, for the 
duration of 2h in 200 mM NaCl, 200 mM KCl, 100 mM RbCl, 100 mM CsCl, 20 mM MOPS, pH 
7.4. Selection A was exposed to a 2h incubation time for the duration of the selection, while the 
incubation time of selection B was decreased in later rounds of selection (Table 3.2) in attempts to 
cultivate a faster acting DNAzyme pool.  
Table 3.2 The incubation time of the N35 Pool with the indicated concentration of LiCl for each 








The success of each round of selection was monitored by calculating the total cleavage percent of 
the positive and negative selection rounds over the progression of the selection. With Selection B 
there was noticeable activity of the pool by round 6 which further increased in rounds 7 and 8 (Fig 
3.1A). Overall, the increased cleavage activity noticed in rounds 7-9 would indicate that the pool 







1-7 2 200 
8 1.5 200 
9 1.08 200 
10 0.5 200 
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perform a self-cleaving reaction in the presence of the target metal ion Li+. The subsequent 
decrease in total cleavage percent in rounds 9 and 10 is likely attributable to the decreased 
incubation time of the N35 pool in these rounds but could also be due to the loss or decrease in a 
population of reactive DNA sequences from a previous round. Selection A was monitored for both 
negative and positive selection, the cleavage percentage of Selection A indicated that after round 
6, despite the efforts of the negative selection, the N25 pool was more reactive with the negative 
selection medium than the target Li+, leading to the subsequent discontinuation of Selection A 
(Fig. 3.1B).  
 
To determine which round of selection from Selection B would most likely contain a high 
population of DNA sequences with the desired reactivity and thus be the best to sequence, activity 
Fig 3.1 The percentage of cleaved DNA after each round of selection for the N35 Pool (A) and N25 
Pool (B).  (A) The blue bars indicate the percent cleavage after each round of positive selection for 
the N35 Pool, please note that for each round of selection, the time of selection varied, as detailed in 
Table 3.2. (B) The percent cleavage of the N25 pool for both the positive and negative selection is 











































assays were run of each noticeably active round (Round 6-10) to measure the rate of activity and 
the selectivity of the population of DNAzyme in the pool for that round against other monovalent 
metal ions and biologically relevant divalent metal ion species (Fig 3.2). In order to determine 
which round would be best to sequence the reaction rate, rather than the final cleavage of the pool 
seemed a better indicator of the characteristics of the DNAzyme populations within the pool of 
each round of selection. To minimize variables when determining the reaction rate, the pool of 
each round was generated and the assays were run simultaneously in the same metal ion solutions. 
The concentration of all the monovalent metal ions was 200 mM, and the concentration of all 
divalent metal ions was 10 mM, and all solutions were at pH 7.4 in 20 mM MOPS. It can be noted 
that the divalent metal ion concentration is not comparable to the monovalent metal ion 
concentrations, even when adjusting for ionic strength. However, it is noted that with some 
DNAzymes increasing the concentration of divalent metal ions to too high concentrations can 
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inhibit the DNAzyme. To avoid this complication the concentration of Mg2+ and Ca2+ was kept at 
10 mM to monitor the rate over time.  
The activity of each round measured indicate a notable change in activity from round 7 to 8. The 
N35 pools in rounds 6 and 7 showed that the DNAzyme population maintained a general selectivity 
for Li+ activity over the activity of other monovalent and divalent metal ions. However, starting a 
round 8 the reactivity of the pool, with respect to Li+, more than triples. This likely indicates that 
the population of Li+ reactive DNAzymes in the pool has tripled when compared with the previous 
round but might also suggest that there is a DNAzyme population with higher activity in round 8 
and subsequent rounds. While the reactivity in round 8 is higher with Li+, there is also a very 
Fig 3.2 The activity of selection rounds 6-10 with 200 mM M+, and 10 mM M2+.  
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notable increase in the DNAzyme pool reactivity with Mg2+. This increased activity with Mg2+ is 
also noted in rounds 9 and 10. These activity assays also revealed that from rounds 8 to 10 of 
selection the cultivated pool shows more activity with Ca2+ as the rounds increase, indicating a 
shift in the DNA populations amplified in each round. The change in activity of the of each round 
with respect to Na+, K+, Cs+, and Rb+ was negligible by comparison. Round 8 was chosen for 
sequencing since the activity assay indicated that round 8 had a larger population of DNAzymes 
that were reactive with Li+, and while this introduced DNAzymes that were reactive with Mg2+, 
large populations of DNAzymes active with Ca2+ were not yet present.  
Round 8 was ligated into a plasmid and transfected into TOP10 competent cells, and subsequently 
plated. 100 colonies in total were picked, cultured, purified, and submitted for sequencing. Of the 
100 plasmids submitted 26 sequences were successfully obtained, 46 % of which were identical 
(Fig. 3.3), with an additional 4 sequences which showed high similarity to the 46 % majority 
sequence (Sequence 2). Figure 3.3 shows the alignment of all of the obtained sequences, with 
programed regions highlighted in red and green, and the sequences with high homology in the 
random region are highlighted in blue, with the 1 to 3 point mutations differentiating them from 
Sequence 2 highlighted in yellow.  
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To determine which sequence would be best to further characterize all the 13 unique sequences 
were tested. Of all 13 sequences only 4 sequences showed activity (Fig 3.4). The active sequences 
include Sequence 2, Sequence 4, Sequence 99, and Sequence 67, with Sequence 2 being the most 
prolific in the sequenced pool and the most reactive with Li+.  Both Sequence 4 and 99 DNAzymes 
showed similar activity and selectivity to Sequence 2 and had high homology with Sequence 2. Of 
these high homology sequences, it should be noted that Sequence 99 shows the greatest selectivity. 
The initial screening of Sequence 30, which also had high homology with Sequence 2 showed no 
activity, despite only one base difference.  From the remaining orphan sequences, only Sequence 
67 showed activity. Sequence 67 significantly less activity with Li+ than Sequence 2 and was 
significantly more reactive with divalent metal ions Mg2+ and Ca2+. Based on the activity of these 
sequences it is possible that the increased reactivity with Mg2+ and Ca
2+ in rounds 9 and 10 may 
be due to an increased population of Sequence 67 and its homologues.  
Fig 3.3 Sequence alignment of the 13 different sequences obtained from round 8. The programmed 
sequences are highlighted in red and green, with the random region shown in between. Sequences 
with highly homologous regions are highlighted in blue with single based mutations between these 
sequences indicated in yellow. The numbers to the left of the sequence indicate the name of the 
sequence upon submission to sequences, with the most left number being the name used 
throughout this work.  
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 A more compressive examination of the selectivity of cis constructs of Seq 4 and Seq 2 
was carried out and is shown in Fig. 3.5 and Fig. 3.6, respectively. Both DNAzymes showed a 
Fig 3.4 The activity and selectivity of round 8 sequences 2, 4, 99, and 67 in 200 mM M+ or 10 
mM M2+ in 20 mM MOPS pH 7.4. 
Fig 3.5 Selectivity of cis-8-4 DNAzyme with 200 mM M+, 4 mM M2+, and 0.4 mM M3+ in 20 mM 
MOPS pH 7.4. Pb2+ was 0.4 mM. 
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high selectivity for Li+ over other monovalent, divalent, and trivalent metal ions and showed the 
potential of sensor application. 
 
 
 To further characterize the selected Sequences 2, 4, 99, the predicted secondary structures 
were calculated using UNAfold (Fig 3.7). Between the 3 sequences only Seq 2 and Seq 4 showed 
the same predicted secondary structures in Fig 3.7 A and C. A schematic of this structure is given 
in Scheme 3.1 and identifies that the random region was able to successfully base-pair the 
programmed binding arm at two points, changing the length of the enzymatic region from 35 
nucleotides to 18 nucleotides. Truncated trans-versions of Seq 2/4 were designed, where Seq 2 
and 4 have the same enzymatic region based on these predicted secondary structures.  
Fig 3.6 The selectivity of the full cis-8-2 DNAzyme using 200 mM M+, 4 mM M2+, or 0.4 mM 




Scheme 3.1 A scheme designed based on the predicted secondary structure of the cis-8-4 
DNAzyme where the random region is shown in blue, the active site in read, and the designed 
primer regions in green.  
Fig 3.7 Predicted secondary structures of Sequence 2 (A-B), Sequence 4 (C-D), and Sequence 99 (E-G).  
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 To ensure the correct secondary structure was identified several truncated trans-cleaving 
DNAzymes were designed. Two of the trans-DNAzyme constructs were active both which 
showed DNA from the random region binding to DNA from the programmed binding arm, 
ultimately shortening the length of the enzymatic region (Fig 3.8). Of these two trans-
DNAzyme constructs trans-Trunc1 showed activity the most similar to the selected cis-8-2 
DNAzyme. The greater stability of the trans-Trunc1 binding arms may have added to the 
higher activity. Notably trans-Trunc1 shows almost identical Li+-dependent activity to cis-8-
2 DNAzyme, however, the DNAzyme loses selectively against Pb2+ when the DNAzyme is 
converted from the cis-to-trans contructs. This loss of selectivity was also observed with the 
trans-Lg construct. At present there is no explanation for this change in selectivity, only that 




The Li+-dependent activity of the DNAzyme was monitored using the trans-Trunc1 
DNAzyme construct. DNAzyme activity was recorded in Li+ concentrations as low as 5 mM 
and had an apparent linear region from 0-50 mM Li+ (Fig 3.9).   
 
Fig 3.8 The time-dependent activity (A) of 3 Seq 2 DNAzyme constructs, including the cis-8-
2 (C) DNAzyme, the slightly truncated trans-Lg (D) DNAzyme, and the most truncated trans-
Trunc1 (B) DNAzyme. The selectivity of these 3 DNAzyme constructs is given (E) when M+ 














In vitro selection is a powerful technique which can screen ~1014-15 DNA 
sequences for desired reactivity with a specified cofactor. This chapter explored the 
successful in vitro selection of Li+-selective DNAzymes from a N35 pool of DNA. 
The selection was carried out in buffers crafted to have low concentrations of metal 
ions other than Li+ and was incubated in 200 mM LiCl at pH 7.4 for the positive 
selection round. The resulting DNAzyme pool showed selective activity towards Li+ 
over other metal ions. Round 8 of this selection was sequenced. Of the obtained 
sequences one family of DNAzymes showed high selectivity against mono-, di-, and 
trivalent metal ions. High sequence homology between two of these DNAzymes led 
to the truncated, trans structure. While the selected cis-8-2 and cis-8-4 DNAzymes 
show selective activity against Pb2+, the truncated structure interestingly loses this 
selectivity. However, the DNAzymes are still selective against biologically relevant 
metal ions and could therefore potentially be used in biological applications. These 
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Chapter 4: Reselection of a Li+-selective DNAzyme 
4.1 Introduction 
One of the significant advantages of DNAzyme-based sensors is the method of obtaining 
a DNAzyme relies on screening 1014-1015 DNA sequences via in vitro selection rather than using 
a rationale design approach.1 In vitro selection is made possible by the advances made in organic 
chemistry solid-phase oligo synthesis which enables DNA and RNA design and application. Solid-
phase synthesis uses phosphoramidite chemistry to synthesize a designed oligo sequence and 
allows for the incorporation of modified nucleotides, the generation of chimeric RNA-DNA 
sequences, and enables the generation of random DNA sequences.2-3 Oligo synthesis is 
accomplished through continued multistep synthesis cycles which adds one nucleotide per cycle. 
Because only one nucleotide is added per cycle from a solution of phosphoramidite precursor, a 
mix of different nucleobases can be added in a single cycle to introduce randomness into the 
synthesized sequence. The application of this concept allows for the generation of a random region 
in an otherwise designed DNA sequence. In the typical in vitro selection DNA pool design, the 
random region is synthesized by an equal mix, or a skewed mix to assist in the equal addition, of 
the four nucleotides adenosine, cytosine, guanosine, and thymine to the oligo sequence; however, 
by changing the ratio of precursor for each nucleotide in the mixture, the synthesis can be skewed 
to preferentially synthesize a known sequence but with a high mutation rate. This concept has been 
applied for in vitro selection as a secondary and complimentary method to enhance the reactivity 




 Although DNAzymes were discovered more than 20 years ago, there is still a significant 
amount to be learned about the mechanism of different DNAzymes and how the sequence and 
structure of a DNAzyme relates to its catalytic capability. Thus, when trying to enhance the 
catalytic ability of a DNAzyme it is difficult to rationally design a better catalyst by individual 
point mutations, especially if a detailed biochemical or biophysical characterization has not been 
completed. However, innovators in this field have successfully used reselection, an in vitro 
selection with a pool which is based on a known DNAzyme which has typically undergone partial 
randomization, to select new DNAzyme sequences.6-10 Of particular interest, is the work of Yingfu 
Li’s group with the reselection of an RNA-cleaving DNAzyme which increased the reaction rate 
392-730 times the originally selected DNAzyme, from 0.0004 min-1 to 0.25 min-1.11 This particular 
reselection focused on a DNAzyme that had a random region that was 19 bases long and had an 
ArGG active site. The reselection pool was designed with a 30 % mutation rate or put another way 
during synthesis of the random region of the new selection pool, 70 % of the precursor would be 
for the nucleobase of the partially randomized sequence, and 10 % of each of the 3 remaining 
nucleotide precursors. In an attempt to emulate the success of this reselection the cis-8-2 
DNAzyme was further characterized and reselection with a partially randomized truncated cis-8-




4.2 Material and methods 
4.2.1 Materials 
Template N (18) was ordered from Trilink. All other DNA sequences were purchased from 
Integrated DNA Technologies (IDT) with standard desalting. Prior to use each sequence was 
purified via denaturing PAGE. Acrylamide/bisacrylamide 40 % solution (29:1) was obtained from 
Bio-Rad Laboratories, Inc. The following enzymes, reaction buffers, and reagents used were 
purchased from New England Biolabs: Taq polymerase, standard Taq buffer, T4-polynucleotide 
kinase, polynucleotide kinase buffer, and deoxynucleotide (dNTP) solution mix. Both 32P labeled 
α-ATP and γ-ATP were obtained from Perkin-Elmer. All PCR and 32P-labeling experiments were 
carried out in the BioRad thermocycler. The following chemicals were as obtained as follows: 3-
(N-morpholino)propanesulfonic acid (MOPS) (Amersham International plc), Urea (Affymetrix, 
MB grade), Tris (Affymetrix, MB grade), boric acid (Fischer Scientific, electrophoresis grade), 
Ethylenediaminetetraacetic acid (EDTA) (Fluka, 99.0%), EDTA∙2Na∙2H2O (Fisher Scientific), 
200 proof ethanol (Decon Laboratories, Inc.), sodium acetate, tetraethylammonium hydroxide, 
HCl (Alfa-Aesar, ultrapure), lithium hydroxide (Alfa aesar 99.999% puratonic salts), potassium 
hydroxide, sodium hydroxide, HCl (Alfa-Aesar, ultrapure). All of the metal salts used were 
obtained as listed: LiCl (Alfa aesar 99.999% puratonic salts), LiBr, LiClO4, Li2SO4, Li2CO3, NaCl 
(Alfa aesar 99.999% puratonic salts), KCl (Alfa aesar 99.999% puratonic salts), MgCl2, PbCl2. All 
prepared metal ion, buffer, and gel, and desalting solutions used Milli-Q water with no additional 
treatment. The pH of relevant solutions was confirmed using the Fisher Scientific Accumet AB15 





Table 4.1 Sequences for optimizing the Li+-specific reselection pool. 
 
Table 4.2 DNA sequences for the reselection.   
 
4.2.3 In vitro selection 
Reselection was completed using Template (N18) with an 18 nucleotide partially randomized 
region, the full sequence was ordered and pool generation was not necessary. All DNA PAGE 
purified (10% Acrylamide, 8 M urea, 90 mM Tris, 90 mM boric acid, 2.75 mM Na2EDTA), 
primers were extracted in extraction in Buffer A (0.3 M NaCl, 0.001 M Na2EDTA, 0.02 MOPs pH 
7.4) and desalted using a Sep-pak column. Excised Template (N18) bands were crushed and half 
of the bands were extracted in Buffer B (0.1 M KCl, 0.01 M H2EDTA, 0.02 MOPs pH 7.4) and 
Buffer C (0.1 M LiCl, 0.01 M H2EDTA, 0.02 MOPs pH 7.4). 
Positive Selection. Positive selection samples were resuspended in Milli-Q water then the reaction 
was initiated by the addition of 2x positive selection buffer (0.07 M LiCl, 0.001 M EDTA, 0.02 
MOPs pH 7.4). Samples were incubated at room temperature for the allotted incubation time in 






*Lowercase a indicates 70% dA, 10% each dG, dC, and dT wobble site
*Lowercase g indicates 70% dG, 10% each dA, dC, and dT wobble site
*Lowercase c indicates 70% dC, 10% each dA, dG, and dT wobble site







180 mM Tris, 180 mM boric acid). Samples were purified using denaturing PAGE, from which 
the cleaved sequence was extracted using Buffer C and desalted using ethanol precipitation 0.08 
M LiCl.  
PCR amplification. To regenerate the cleaved N50 pool there is a two-step PCR process. PCR 1 
adds extends the cleaved DNA sequence with P2. Subsequently PCR 2 fully restores the extended 
sequence to the initial full-length DNA pool sequence and reincorporates the RNA active site. PCR 
1 uses 1x standard Taq buffer, 6 U/100 μL Taq Polymerase, mM dNTP, 1 μM fP-LiR18, 1 μM rP-
LiR18, 50 μL of the 150 μL of resuspended desalted Positive Selection product, 1 μL 32P-labeled 
α-ATP. The PCR 1 mixture undergoes the following heat treatment: 3 min at 95 ˚C, repeated 14-
22 x (30 s at 95 ˚C, 1.25 min 60 ˚C, 1.25 min 72 ˚C), 10 min at 72 ˚C, then the mixture is cooled 
to 4 ˚C. PCR 2 uses 1x standard Taq buffer, U Taq, mM dNTP, 1 μM fP-LiR18, 1 μM rP-LiR18-
rG, 10 μL of PCR 1 product, 1 μL 32P-labeled α-ATP were mixed and underwent the follow 
temperature treatment: 3 min at 95 ˚C, repeated 14-18 x (30 s at 95 ˚C, 1.25 min 60 ˚C, 1.25 min 
72 ˚C), 10 min at 72 ˚C, then cooled to 4 ˚C. The remainder of PCR 1 is stored at -20 ˚C. All of 
the PCR 2 product is PAGE purified. The regenerated pool of was extracted in Buffer C. Selection 
samples were desalted using ethanol precipitation with 0.08 M LiCl as a counter ion.  
Gel-Based Activity Assays. Activity assays were carried out to determine the best round of 
selection and selection conditions to submit for sequencing, to characterize individual sequences. 
All activity assay experiments were carried out with 32P-labeled DNA, labeled internally for all 
PCR-generated sequences, dissolved in Milli-Q H2O. DNA was mixed with 2x reaction buffer to 
initiate the reaction, at predetermined timepoints 2 μL aliquots of the reaction mixture were 
removed and added to 10 μL of Stop Solution C (9.2 M Urea, 0.001 M H2EDTA, 0.015 M LiOH, 
180 mM Tris, 180 mM boric acid, 0.05 % xylene cyanol, 0.05 % bromophenol blue). Samples 
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were run on 10 % dPAGE gels, gels were wrapped in cellophane and exposed to a phosphoimage 
film, the image was captured using a Molecular Dynamics Storm 430 Phosphorimager (from 
Amersham Biosciences). The total percent of DNA cleaved at each timepoint was quantified using 
Image Quant (Molecular Dynamics) Software, each image was adjusted for background. Because 
of the exceeding slow reaction rate for both the DNA pool and DNAzymes ultimately obtained the 
rate was determined using eqn. 1 in which [P]t is the cleavage at time t, t is time, [P]0 is initial 
cleavage, kobs is the pseudo-first order rate constant or eqn. 2 when the reaction was run for more 
than 12h. 
[P]t= kobs ·t + [P]0                                                      (eqn. 1) 
[𝑷]𝒕 = [𝑷]∞(𝟏 − 𝒆
−𝒌𝒐𝒃𝒔𝒕)                                    (eqn. 2) 
In eqn. 2 [P]t is cleavage at time t, t is time, [P]∞ is the final cleavage ratio and kobs is the rate 
constant. 
Cloning. Rounds 20 and 14 were PCR amplified using all DNA unmodified fP-LiR18 and rP-
LiR18-rG primers. The PCR product was PAGE purified, desalted and incorporated into a plasmid 
using Invitrogen TOPO TA Cloning Kit for Sequencing and grown in Transform One Shot TOP10 
competent cells according to the provided protocol. TOP10 competent cells were plated under 
sterile conditions and grown overnight. Under sterile conditions 100 colonies were picked and 
grown in 4-6 mL of LB. Plasmids were extracted using Qiagen Miniprep. 
Sequencing. 100 plasmid sequences were submitted for sequencing to University of Illinois at 




4.3 Results and discussion 
In designing the reselection initial attempts were made to optimize the programmed 
sequence and selection buffers prior to in vitro selection. A new primer binding region was 
designed to prevent cross-contamination from the initial pool. Two versions of this new pool 
design with the enzymatic region identified by the trans-Trunc1 construct were tested for reaction 
Fig 4.1 The LiR2_N16_cis (A) and LiR2_N18_trans (B) predicted secondary structures 
and the selectivity at 200 mM M+, 4 mM Mg2+, or 0.4 mM Pb2+ in 20 mM MOPS pH 7.4 
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rate and selectivity (Fig 4.1). Both designs showed similar selectivity. While both LiR2_N16_cis 
and LiR2_N18_trans constructs showed activity with a Li+ cofactor, the loss of one A∙T base-pair 
at next to the active site appeared to have the activity of the DNAzyme with Li+. Therefore, the 
general design of the reselection DNA pool was based on the Li2_N18_trans DNA sequence and 























Fig 4.2 The reselection pool in which black nucleotides indicate unbound DNA, green 
nucleotides indicate Watson-Crick base-paired DNA, the red rG is the intended active site and 




 With the intention of further optimizing in vitro selection conditions the activity of the 
Li2_N18_trans construct was determined using different Li+ sources, concentrations, and potential 
ionic strength contributors. An initial screen of 50 mM Li+ from 5 different sources revealed that 
by changing the anion, activity of the Li2_N18_trans DNAzyme could be fluctuate, and LiCl, the 
original Li+ source in the previous selection, displayed the best activity. Next, early attempts to 
lower the concentration of Li+ but maintain an ionic strength of at least 80 mM was explored using 
only tetraethylamine (TEA) and potassium as sources of ionic strength (Fig 4.3). The effects of 
TEA were studied because it potentially offered to be a source of ionic strength while also being a 
very different molecule from ionic Li+, and K+ was initially explored as a potential source of ionic 
strength because of its abundance in cell media, and the desire of having the DNAzyme function 
in cellular conditions, in addition to the size of the ion being more distinctly large that sodium. 
Results of this study showed that changing the concentration of MOPS or adding more K+ to the 
buffer did not affect Li2_N18_trans DNAzyme activity, however, increasing levels of TEA in 
Fig 4.3 Activity of the Li2_N18_trans DNA sequence in 50 mM Li+ in 50 mM K+
 
 + 20 mM 
MOPS pH 7.4 
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solution showed decreasing DNAzyme activity. A brief literature search revealed that 
tetraalkylammonium (TAA) salts are known to preferentially stabilize the A∙T base pair, which 
may distort the tertiary structure of the Li2_N18_trans DNAzyme.12 Additionally, TAA salts only 
tend to stabilize DNA sequences that are at least 14 base pairs long, and therefore may not be an 
ideal source of ionic strength for this particular in vitro selection. 
 
 
 Subsequent screening of varied Li+ concentrations from various Li+ sources showed that 
increasing the concentration of MOPS buffer did not have a stabilizing effect on the DNAzyme to 
increase activity at approximately 70 mM or 50 mM ionic strength (Fig. 4.4). Therefore, increasing 
MOPS concentration could not be expected to stabilize DNA folding necessary for activity. 
Fig 4.4 Monitoring the activity of the Li2_N18_trans DNAzyme in different ionic strength were 
the MOPS buffer is pH 7.4, for all solutions without a specified MOPS concentration, 20 mM 
MOPS was added.    
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Additionally, with decrease of LiCl from 70 mM to 50 mM DNAzyme activity decreased by almost 
2/3, so it is possible that ionic strength and DNA folding became problematic at this M+ 
concentration. Attempts to alter the Li+ source to Li2CO3 of lithium citrate showed that high 
concentrations of these lithium sources actually decreased the activity of the Li2_N18_trans 
DNAzyme. While this effect is possible due to the carbonate and citrate weak bases distorting the 
pH, these lithium complexes generated significant questions, and therefore a positive selection 
buffer with 70 mM LiCl in 20 mM MOPS pH 7.4 was used.  
The reselection quickly evolved to have Li+-dependent RNA-cleavage activity. Monitoring 
cleavage of the reselection pool showed notable cleavage as early as round 2 with a noticeably 
increased cleavage ratio at round 4 (4.5). While the total cleavage showed significant fluctuation 
Fig 4.5 The activity of the Li2_N18_trans DNAzyme construct in various buffers with different 
lithium concentrations from different sources. All buffers were MOPS at pH 7.4, for all solutions 
without a specified MOPS concentration, 20 mM MOPS was added.    
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in cleavage after round 4, the selection incubation time was consistently being decreased until 
rounds 11-15 when the selection time was at 4 min for 5 rounds (Table 4.3). Round 14 showed the 
highest activity after the incubation time was maintained at 4 minutes for several rounds.  







1 180 70 
2 120 70 
3 90 70 
4 60 70 
5 30 70 
6 15 70 
7 10 70 
8 8 70 
9 6 70 
10 5 70 
11-15 4 70 
16 2.5 70 
17 2 70 
18 1.5 70 





In attempts to further increase the population of sensitive DNAzymes in the selection pool, 
the selection was branched at round 5 to also lower the concentration of lithium, in addition to 
shortening the selection time (Table 4.4). The cleavage ratio did not follow a noticeable trend with 
continued rounds of selection, however, this is likely due to changes in both selection time and 




Fig 4.6 Cleavage percentage of reselection in 70 mM LiCl, 20 mM MOPS at pH 7.4.  
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5 30 50 
6-7 27 40 
8 18 40 
9-10 15 40 
11 12 70 
12 9 70 
13 9 40 
14 7.5 40 
15-16 6 20 
 
 
Fig 4.7 The cleavage percent of the reselection split from round 5. 
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To determine which round of selection would be best to sequence, in addition to monitoring 
when pool dynamics stagnated, activity assays of individual selection rounds were completed with 
a focus on selection round sensitivity (Fig 4.7). An increase was noticeable from rounds 7 to 15, 
but after round 15 pool activity seemed to maintain the same activity or decrease. This activity is 
noticeable regardless of the lithium concentration. Based on these assays 50 samples from round 









Fig 4.8 Activity of individual rounds of selection in various lithium concentrations, in 20 mM 
MOPS pH 7.4. The initial selection is noted by number only while the branched selection contains 





To determine which DNAzyme sequences from the selection were best to further 
characterize sequences were analyzed by sequence alignment and activity assays. Of the 93 
samples submitted 81 were successfully sequenced. A total of 65 sequences had the same 
enzymatic sequence in the random region. All of these sequences will simply be represented as 
Fig 4.9 The activity of isolated sequences from the reselection. (A) The activity, selectivity and 
sensitivity of the reselected DNA sequences is given. (B) The aligned sequences from selection 
are shown with OR indicating the original sequence. The sequence name is shown on the left, and 
the relative activity is indicated on the right. Sequences with med-low activity are highlighted in 
yellow, low activity in orange, and no activity in red.   
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Seq 4 for the initial analysis. A total of 8 sequences with unique random regions were identified. 
Sequence alignment revealed only 1 to 2 point mutations between Seq 4 and the other identified 
sequences. The original sequence had a 2 mutation difference for from most prevalent DNA 
sequence and was present twice in the 81 sequences retrieved, this sequence is referred to as Seq 
58 in the preliminary characterization. Sequences 4, 27, 50, and 54 show notable selectivity over 
potassium and magnesium ions. Additionally, Seq 4 is significantly more active at 10 mM Li+ than 
the original sequence 58. Overall, these results indicate the success of partial randomization 
increase the catalytic activity of the partially randomized sequence. Seq 4 is officially named the 
20-4 DNAzyme to reflect the round of selection and sequence number. A comparison of the single-
turnover rate kinetics of the original 8-2 DNAzyme vs. the newly selected 20-4 DNAzyme is given 
in Fig. 4.9. Fig. 4.10 shows the transformation from the originally selected 8-2 DNAzyme to the 

































Fig 4.10 A comparison of the activity of the 20-4 DNAzyme selected from partial 
randomization, and the previously selected DNAzyme the selection is based on at varying 






In vitro selection is a powerful technique, which can be combined with 
reselection to produce DNAzymes with competitive reaction rates. In order to 
increase the reaction rate of the Li+-selective 8-2 DNAzyme, reselection with a 
partially randomized N18 pool was performed. Prior to reselection the pool design 
and the buffer conditions were optimized and the in vitro selection was able to yield 
a pool of Li+-selective DNAzymes. Sequencing of the cultivated DNA pool revealed 
highly conserved sequences with only 8 unique sequences drawn from a total of 81 
Original DNAzyme 
20-4 DNAzyme 
Fig 4.11 Schematic representation of the newly selected 20-4 DNAzyme compared with the original 
DNAzyme it is based upon, with point mutations highlighted in pink. 
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sequences identified. The most active sequence was the cis-20-4 DNAzyme which 
was approximately 65 % of the sequenced population. The cis-20-4 DNAzyme only 
differed from the truncated 8-2 DNAzyme by 2 bases in the catalytic core, but 
showed an increase in activity of 7-10 times, depending on the concentration of the 
Li+ cofactor. Overall, the reselection was successful in improving the reaction rate 
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Chapter 5: Developing a Li+-selective DNAzyme sensor 
5.1 Introduction 
One of the earliest and most established DNAzyme-based sensors is the fluorescent sensor 
based on the novel design of the catalytic beacon, which typically places a fluorophore-quencher 
pair on the 5′ and 3′-end of the enzyme and substrate strands, respectively (Fig 1C). Upon metal-
ion dependent cleavage of the substrate strand that contains a ribonucleotide (e.g. rA), the 
fluorophore will dissociate to generate a turn-on fluorescent signal, due to a change in the melting 
temperature before and after the cleavage reaction; the metal ion concentration can then be 
determined based on the kinetic rate of fluorescence increase.1-2 Since the invention of the catalytic 
beacon, it has been modified to decrease background signal and has utilized various different 
fluorophores. The ability to change fluorophores, and the separation between the metal ion binding 
site and fluorophore give a distinct advantage to DNAzyme-based fluorescent metal ion sensors. 
These fluorescence sensors have been successfully applied to the detection of metal ion pollutants 
in tap,3-4 ground,5 pond,6-7 waste, river and lake water.8-11 As a result, fluorescent sensors are  
commercially available to help monitor drinking water systems in public schools.12  Recent work 
has focused  on  signal amplification by protein enzymes like exonuclease7 and alkaline 
phosphatase,13 or the all DNA-based hybridization chain reaction (HCR).3  
While the selectivity and sensitivity of the catalytic beacon has made it widely applied for 
environmental sensing, the ability to choose the fluorophore readout has made the catalytic beacon 
ideal for application in cells, where it is highly desirable to simultaneously detect multiple metal 
ions. Therefore, in 2013, the Lu Group reported the first application of metal ion sensing in cells 
using the catalytic beacon.14 In this study the catalytic beacon was delivered into cells on a gold 
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nanoparticle, and used phosphorothioate modifications on the 3'- and 5'-ends to prevent enzymatic 
degradation. Subsequent studies have used gold nanoparticles, MnO2 nanosheets,15 hydrogels, 
DNA nanostructures16 and cell penetrating peptides17-18 to deliver DNAzymes to cells. To increase 
biostability, others have used non-natural L-DNA, which has similar reactivity to the D-DNA 
enantiomer.19-20 Perhaps the most significant advancement in cellular imaging was the introduction 
of the photocage, to allow for light activation of the DNAzyme; in this way, non-specific cleavage 
of the DNAzymes during their delivery into cells can be prevented and the imaging of metal ion 
can be controlled both temporally and spatially using light. Photoactivation of DNAzymes by 
modifying the active site or backbone, and subsequent light activation was demonstrated as early 
as 2004, and earlier yet for ribozymes in 1998; 21-23 however, not until 2014 was the use of a 
photocaged DNAzyme for the purpose of studying metal ion in cells achieved.17 The photocage 
consisted of the synthesis of the photolabile nitrobenzyl group on the 2′-OH of the 
phosphoroamidite which would be then become the RNA active site. This synthesis was complex, 
thus in 2016 Yu Xiang’s lab simplified the photocaging process to the simple postsynthetic 
modification of a non-bridging phosphorothioate with bromo-4′-hydroxyacetophenone on three 
nucleobases essential for DNAzyme activity.24 Further building upon these advances Yun Xiang 
et al. was able to detect both UO2
2+ and Pb2+ simultaneously in cells using DNAzyme-DNA 
nanostructure complexes.16 All of these studies have enhanced our ability to probe metal 




5.2 Materials and methods 
5.2.1 Materials 
All DNA sequences were purchased from Integrated DNA Technologies (IDT) with standard 
desalting. Prior to use each sequence was purified via denaturing PAGE. 
Acrylamide/bisacrylamide 40 % solution (29:1) was obtained from Bio-Rad Laboratories, Inc. The 
following enzymes, reaction buffers, and reagents used were purchased from New England 
Biolabs: Taq polymerase, standard Taq buffer, T4-polynucleotide kinase, polynucleotide kinase 
buffer, and deoxynucleotide (dNTP) solution mix. Both 32P labeled γ-ATP were obtained from 
Perkin-Elmer. All end-labeling and 32P-labeling experiments were carried out in the BioRad 
thermocycler. The following chemicals were as obtained as follows: 3-(N-
morpholino)propanesulfonic acid (MOPS) (Amersham International plc), Urea (Affymetrix, MB 
grade), Tris (Affymetrix, MB grade), boric acid (Fischer Scientific, electrophoresis grade), 
Ethylenediaminetetraacetic acid (EDTA) (Fluka, 99.0%), EDTA∙2Na∙2H2O (Fisher Scientific), 
200 proof ethanol (Decon Laboratories, Inc.), sodium acetate, tetraethylammonium hydroxide, 
HCl (Alfa-Aesar, ultrapure), lithium hydroxide (Alfa aesar 99.999% puratonic salts), potassium 
hydroxide, sodium hydroxide, HCl (Alfa-Aesar, ultrapure). All of the metal salts used were 
obtained as listed: LiCl (Alfa aesar 99.999% puratonic salts), NaCl (Alfa aesar 99.999% puratonic 
salts), KCl (Alfa aesar 99.999% puratonic salts), CsCl (Alfa aesar 99.999% puratonic salts), RbCl 
(Alfa aesar 99.999% puratonic salts) MgCl2, CaCl2, PbCl2. All prepared metal ion, buffer, and gel, 
and desalting solutions used Milli-Q water with no additional treatment. The pH of relevant 
solutions was confirmed using the Fisher Scientific Accumet AB15 pH meter. Primers and 





Table 5.1 cis-and trans-20-4 DNAzyme constructs. 
 
5.2.3 Biochemical characterization 
Gel-Based Activity Assays. Activity assays were carried out to characterize individual sequences. 
All activity assay experiments were carried out with 32P-end-labeled DNA. All DNA was PAGE 
purified after labeling and desalted using standard ethanol precipitation protocol with 0.3 M 
NaOAc at pH 5.2. DNA was dissolved in Milli-Q H2O to ~40 nM DNA, all DNA was stored dry 
or at -20 ˚C. For trans-20-4 DNAzyme constructs ~200x enzyme was added for every substrate 
sequence to ensure single turn-over reaction kinetics. DNAzyme constructs were mixed with 2x 
reaction buffer to initiate the reaction, at predetermined timepoints 2 μL aliquots of the reaction 
mixture were removed and added to 10 μL of Stop Solution C (8 M Urea, 0.05 M EDTA, 2xTBE, 
0.05 % xylene cyanol, 0.05 % bromophenol blue). Samples were run on 10-20 % dPAGE gels, 
gels were wrapped in cellophane and exposed to a phosphoimage film, the image was captured 
















20-4 CHAS trans 5′-TCTCAAGGCACCACCGATCTCCTATTArGGGAGTCAC-3′




percent of DNA cleaved at each timepoint was quantified using Image Quant (Molecular 
Dynamics) Software, each image was adjusted for background. Because of the exceeding slow 
reaction rate for both the DNA pool and DNAzymes ultimately obtained the rate was determined 
using eqn. 1 in which [P]t is the cleavage at time t, t is time, [P]0 is initial cleavage, kobs is the 
pseudo-first order rate constant or eqn. 2 when the reaction was run for more than 12h. 
[P]t= kobs ·t + [P]0                                                       (eqn. 1) 
[𝑷]𝒕 = [𝑷]∞(𝟏 − 𝒆
−𝒌𝒐𝒃𝒔𝒕)                                    (eqn. 2) 





5.3 Results and discussion 
Further characterization of the 20-4 DNAzyme was completed in order to develop a Li+-
dependent sensor. Initial efforts focused on transforming the cis-20-4 DNAzyme into a trans 




A) B) C) 
Fig 5.1 The predicted secondary structures of the cis-20-4 DNAzyme (A) and 2 trans constructs 
developed. Blue arrows indicate bases that have changed between the cis-20-4 DNAzyme and 
Trans #1 (B), green arrows indicate changes between the cis-20-4 DNAzyme and Trans #2(C).  
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transformation was accomplished by removing any unbound DNA from the 3′ and 5′ ends of the 
cis-20-4 DNAzyme and removing the 4 unbound bases in the thermostable tetraloop, respectively. In 
the cis-to-trans conversion a single G in the binding arms of the cis-20-4 DNAzyme was changed to 
a T to reform the A∙T bp that was initially programmed into the selection in Trans #1. Attempts were made 
to further stabilize one of the binding arms by changing one A∙T bp into a G∙C bp Trans #2. To determine 
if the trans-DNAzymes were effective substitutes for the cis-20-4 DNAzyme an activity assay under single-
turnover conditions was carried out simultaneously for all three DNAzymes. The assay revealed that the 
Trans #1 construct does work but is about half as active as the cis-construct. The Trans #2 construct is 
approximately one fourth the activity of the cis-DNAzyme. Because of the significant loss in activity of 
both of these DNAzymes, a more detailed study of the truncation and cis-to-trans conversion of the cis-
20-4 DNAzyme was carried out.   
To study the effect of truncation of the cis-20-4 DNAzyme 2 new cis-DNAzymes were 
designed, cis-truncT (Fig5.3 H) and cis-truncG (Fig5.3 I). Both truncated DNAzymes only 
removed the non-base pairing DNA sequences from the 3′ and 5′ ends of the cis-20-4 DNAzyme, 







however, the cis-truncT DNAzyme sought to remove the A/G mismatch that occurred in the cis-
20-4 DNAzyme while cis-truncG retained this mismatch. The activity of all 3 cis constructs is 
given in Fig 5.3 and shows that truncating the cis-20-4 DNAzyme with no extension to the binding 
arms decreased DNAzyme activity. Additionally, removing the excess DNA at the 3′ and 5′ ends 
of the DNAzyme apparently removed the DNAzymes selectivity against Pb2+. These trends were 
consistently observed in both truncated DNAzymes.  
A second attempt was made to convert the cis-20-4 DNAzyme into a trans DNAzyme for 
sensor applications. In both new trans DNAzymes the binding arms were extended to further 
increase the stability of the trans constructs trans-20-4 and sensor DNAzymes. The trans-20-4 
DNAzyme and sensor DNAzyme showed similar activity to the cis-20-4 DNAzyme, with the 
exception of also showing lead-dependent RNA-cleaving activity. The activity of both of these 
trans DNAzymes is greater than the cis-truncations, which indicates the importance of increased 
stability in the binding arms for this DNAzyme.   
To examine if this DNAzyme could potentially be used as a sensor for biological 
applications it was important to assess the sensitivity of the DNAzyme because Li+ is only present 
in therapeutic concentrations at low millimolar concentrations, and high levels of Li+ are toxic. In 
long assays it was possible to detect 1 mM Li+ consistently in the presence of 100 mM Na+ or K+, 
with a significant difference over 100 mM Na+ or K+ samples with the. In many studies it is 
estimated that Li+ is approximately 10 mM in cells and is likely higher than serum levels because 




Fig 5.3 The activity of truncated and trans-cleaving DNAzymes in 100 mM Li+ (A) 10 mM Li+ + 100 
mM K+ (B) 100 μM Pb2+ (C) 20 mM MOPS, pH 7.4.  
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estimation is correct then it may be possible to apply this DNAzyme to sense Li+ in cellular 
samples.  
In an early attempt to decrease the reaction time of the DNAzyme at low Li+ concentrations 
two attempts were made to develop DNA-based amplification strategies using catalytic hairpin 
assembly. The design capitalized of the cleavage the of DNA sequence to release a short DNA 
sequence that could open one DNA hairpin, which would open another hairpin and release the 
initiator DNA to open another hairpin and has been used successfully with other DNAzymes to 
develop electrochemical in vitro sensors25 and fluorescent probes applied in cells.26  Two unique 
Fig 5.4 The Li+-dependent activity of the trans-20-4DNAzyme under single-turnover 
conditions. An inset of the activity is given in the bottom right to highlight the approximate 
linear region of this DNAzyme. Samples below 100 mM Li+ had Na+ added to the sample to 
compensate for a loss in ionic strength, bring the total M+ to 100 mM. 
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initiator sequences were incorporated into the 20-4 DNAzyme design with cis-20-4 CHA1 having 
a slightly shorter initiator DNA sequence and 20-4 CHAcis/trans DNAzymes having a longer 
initiator sequence.  
In order to ensure that 20-4 DNAzyme activity was not curtailed by the modifications made 
to the DNAzymes, the activities of all 3 DNAzyme constructs were tested and compared to the 
cis-20-4 DNAzyme (Fig 5.6). A comparison of all four versions of the 20-4 DNAzyme revealed 
that the 20-4 CHA cis construct had the highest activity out of the CHA modified DNAzymes, and 






that even under single-turnover conditions the 20-4CHAtrans DNAzyme was one third to half as 
Fig 5.6 The activity of the 20-4 DNAzyme modified with an initiator sequence to start 
CHA amplification upon cleavage.   
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active as the cis-20-4 DNAzyme. The cis-20-4-CHA1 DNAzyme showed slightly lower, but 
comparable activity to the cis-20-4 DNAzyme. 
To test that the CHA design was compatible with the 20-4 DNAzyme to detect Li+, native 
gels were run to detect CHA assembly. The cis-20-4CHA1 DNAzyme was able to successfully 
cleave and release the initiator sequence to start assembly (Fig. 5.7). CHA assemble was is the 
formation of the H1 + H2T9 complex and is the top band in Fig 5.7. Below for H1 + H2T9 complex 
is the uncleaved DNAzyme, bands below include the H2T9, the cleaved DNAzyme and H1, in that 
order. Because of the high concentration of cis-20-4CHA1 the H1 + H2T9 complex is mildly 
Fig 5.7 The CHA assembly shown on a native PAGE gel. (1) ladder, (2) H1, (3) H2T9, 1 h prep 
+ 2 h incubation of 37⁰C (4) H1 + H2T9, (5) H1 + H2T9 + Initiator, (6) cis-20-4CHA1, (7) cis-
20-4CHA1 + H1+ H2T9, (8) cis-20-4CHA1 + H1+ H2T9 10 mM Li+, (9) cis-20-4CHA1 + H1+ 
H2T9 150 mM Li+, 1 h prep + 0.5 h incubation at 37⁰C (10) cis-20-4CHA1 + H1+ H2T9, (11) 
cis-20-4CHA1 + H1+ H2T9 10 mM Li+, (12) cis-20-4CHA1 + H1+ H2T9 150 mM Li+, 0.5 h 
incubation of 37⁰C (13) cis-20-4CHA1 + H1+ H2T9, (14) cis-20-4CHA1 + H1+ H2T9 10 mM 
Li+, (15) cis-20-4CHA1 + H1+ H2T9 150 mM Li+. 
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obscured on the gel. Nonetheless, a comparison between lanes 10 and 12, and lanes 13 and 15 
indicates that CHA assembly is mildly dependent on the concentration of Li+, when comparing the 
total H1 + H2T9 complex without Li+ present verses with 150 mM Li+ present. This amplification 
strategy show promise.  
The CHA scheme using the 20-4CHAcis/trans DNAzymes did not show Li+- dependent 
activity. A native PAGE gel was used to analyze the second possible CHA assembly scheme. 
Based on the gel controls the H1 + H2 complex is the highest band in lane 8, 11, 12, 13, and 14. 
Focusing on lane 11 indicates that the presence of Li+ does not disrupt the formation of the H1 + 
Fig 5.8 CHA assembly is not dependent of Li+ concentration. (1) ladder, (2) Initiator, (3) H1 control, 
(4) H2, (5) H1, (6) H1 + H2, (7) H1 control + H2 + Initiator, (8) H1 + H2 + Initiator, (9) 20-4CHA, 
(10) H1 + H2 + 10 mM  Li
+
 + 100 mM K
+
, (11) H1 + H2 + Initiator + 10 mM  Li
+
 + 100 mM K
+
, 
(12) H1 + H2 + 20-4CHA + 100 mM K
+
, (13) H1 + H2 +20-4CHA + 10 mM Li
+
 100 mM K
+
, (14) 





H2 complex. Lanes 12, 13, and 14 show H1 + H2 assembly regardless of the concentration of Li+. 
This initial study indicates that more optimization of this CHA strategy must be completed before 
this is a viable avenue to amply a signal for Li+ detection. 
While CHA offers one method to more readily detect low concentrations of Li+, another 
strategy could be modifying the DNAzyme with noncanonical nucleic acids to increase the 
reactivity of the DNAzyme. One method to identify where to incorporate noncanonical nucleic 
acids would be through a stringent biochemical and biophysical characterization of the 20-4 
DNAzyme to identify essential motifs, and the mechanism of RNA-cleavage catalysis. One of the 
most effective methods to study the structure function relationship of a DNAzyme is by 
crystallizing the active DNAzyme with its cofactor. Recently, an article has been published 
showing the first crystal structure of the active RNA-cleaving 8-17 DNAzyme.27 The 8-17 
DNAzyme was co-crystallized with African swine flu viral polymerase X (AsfvPolX).28 With the 
initiation of crystallizing the 20-4 DNAzyme the binding arms of the DNAzyme were replaced 
with the binding arms of the 8-17 DNAzyme used in the crystallization. Fig 5.9 shows that this 
modification does not remove Li+-dependent activity, and the selectivity of the DNAzyme against 


















Fig 5.9 The activity of the 20-4 DNAzyme modified with binding arms used to crystallize the 




With the intention of developing a Li+-sensor a Li+-specific DNAzyme was 
selected that shows high selectivity against other monovalent, divalent and trivalent 
metal ions. In order to adapt this DNAzyme for sensor the resilience of the 
DNAzyme to modifications needed to be determined. The initial truncation and cis-
to-trans conversion of the cis-20-4 DNAzyme showed a significant decrease in 
activity, however, this was possibly due to the low melting temperature of the 
binding arms, since the subsequently designed trans-20-4 DNAzyme and sensor 
DNAzyme, which had more stable binding arms, showed activity similar to the cis-
20-4 DNAzyme. Both the trans-20-4 DNAzyme and the cis-20-4 DNAzyme were 
capable of detecting 1 mM Li+.  
In attempts to further enhance the sensitivity of a DNAzyme probe, catalytic 
hairpin assembly (CHA) was employed. Two different CHA strategies were 
designed and tested. One CHA strategy showed Li+ dependent assembly, however, 
the second strategy did not.  
Overall the 20-4 DNAzyme shows promise for sensing applications however, 
a better understanding of the biochemical and biophysical properties of the 20-4 
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Chapter 6: Selection of a K+-selective DNAzyme 
6.1 Introduction 
DNA is a highly unique and programmable biopolymer. The 4 unique nucleotides 
associated with DNA, guanosine (G), adenosine (A), cytosine (C) and thymine (T), are able to 
predictably form hydrogen bonding networks and orient the secondary and tertiary structure of 
DNA. Typically, the hydrogen bonding between bases results in the Watson-Crick base-pairing of 
A∙T and G∙C forming the traditional DNA tertiary structure, the double-helix. However, DNA is 
capable of forming less traditional DNA structures such as the G-quadruplex. The G-quadruplex 
is formed from at least two stacks of G-quartets and is known form differently based on the DNA 
sequence and metal ion environment. In particular, the G-quadruplex is known to form in the 
presence of potassium. Building upon this innate characteristic of the G-quadruplex many studies 
have been completed using the G-quadruplex as an aptamer to detect potassium.1-3 Potassium is 
essential for neuron, muscle and overall health and is the most prevalent metal ion in cells at 
between 130-150 mM intracellular potassium levels. Serum levels of potassium range between 
3.5-5 mM in healthy individuals but can be lower or higher in people with hypokalemia or 
hyperkalemia, respectively.4-5  
In these studies K+ binds reversibly, which limits the ability of signal amplification. This 




6.2 Materials and methods 
6.2.1 Materials 
All DNA sequences were purchased from Integrated DNA Technologies (IDT) with 
standard desalting. Prior to use each sequence was purified via denaturing PAGE. 
Acrylamide/bisacrylamide 40 % solution (29:1) was obtained from Bio-Rad Laboratories, Inc. The 
following enzymes, reaction buffers, and reagents used were purchased from New England 
Biolabs: Taq polymerase, standard Taq buffer, T4-polynucleotide kinase, polynucleotide kinase 
buffer, and deoxynucleotide (dNTP) solution mix. Both 32P labeled α-ATP and γ-ATP were 
obtained from Perkin-Elmer. All PCR and 32P-labeling experiments were carried out in the BioRad 
thermocycler. The following chemicals were as obtained as follows: 3-(N-
morpholino)propanesulfonic acid (MOPS) (Amersham International plc), Urea (Affymetrix, MB 
grade), Tris (Affymetrix, MB grade), boric acid (Fischer Scientific, electrophoresis grade), 
Ethylenediaminetetraacetic acid (EDTA) (Fluka, 99.0%), EDTA∙2Na∙2H2O (Fisher Scientific), 
200 proof ethanol (Decon Laboratories, Inc.), potassium acetate, HCl (Alfa-Aesar, ultrapure), 
lithium hydroxide (Alfa aesar 99.999% puratonic salts), potassium hydroxide, sodium hydroxide, 
HCl (Alfa-Aesar, ultrapure). All of the metal salts used were obtained as listed: LiCl (Alfa aesar 
99.999% puratonic salts), NaCl (Alfa aesar 99.999% puratonic salts), KCl (Alfa aesar 99.999% 
puratonic salts), CsCl (Alfa aesar 99.999% puratonic salts), RbCl (Alfa aesar 99.999% puratonic 
salts) MgCl2, CaCl2, PbCl2. All prepared metal ion, buffer, and gel, and desalting solutions used 
Milli-Q water with no additional treatment. The pH of relevant solutions was confirmed using the 






Table 6.1 In vitro selection primers and template for the K+-specific selection. 
 
Table 6.2 K+-specific probe designs based on the NaA43 DNAzyme. 
 
6.2.3 In vitro selection of K+-specific DNAzymes 
Selection was completed using IDT Template (N50). All DNA was PAGE purified (10% 
Acrylamide, 8 M urea, 90 mM Tris, 90 mM boric acid, 2.75 mM Na2EDTA), primers were 
extracted in extraction in Buffer A (0.3 M NaCl, 0.001 M Na2EDTA, 0.02 MOPs pH 7.4) and 
desalted using a Sep-pak column. Excised IDT Template (N50) bands were crushed and extracted 
in Buffer B (0.1 M KCl, 0.01 M H2EDTA, 0.02 MOPs pH 7.4). 
Pool generation. The partial counter sequence of the N50 pool was ordered (IDT Template (N50)) 
and the pool was generated via asymmetric PCR, due to IDT synthesis limitations. To generate the 


















IDT Template (N50) 5′-GACAACAACAACAAC-iSp18-GACCGGACCTCCTTCAG-cN50-GACTCGTGCGAGTCTCCCTAACTGAAGTAAGATGCTATGTATC-3′
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μM P3-rG, 100 nM IDT Template (N50), 1 μL 32P-labeled α-ATP were mixed and underwent the 
follow temperature treatment: 3 min at 95 ˚C, repeated 14 x (30 s at 95 ˚C, 1.25 min 60 ˚C, 1.25 
min 72 ˚C), 10 min at 72 ˚C, then cooled to 4 ˚C. The 3 mL of DNA product was then desalted 
using ethanol precipitation in ~65 % EtOH, ~0.25 M KOAc pH 5.2 chilled at -80 ˚C for at least 2 
h, before the samples underwent centrifugation at -11 ˚C at 15000 rpm for 30 min then washed 
with 70 % EtOH and spun down for an additional 20 min at -11 ˚C at 15000 rpm. Sample were 
dried by vacuum. Dried samples were resuspended in Millipore water and Stop Solution A (9.2 M 
Urea, 1/5 TB) and purified on a 10 % Acrylamide denaturing PAGE gel. The purified sample was 
excised from the gel, the extricated gel was crushed and the sample DNA was extracted in 
Extraction Buffer B (0.1 M KCl, 0.01 M K2EDTA, 0.02 MOPs pH 7.4) using a quick extraction 
technique. Extracted DNA was desalted using EtOH precipitation with approximately 70 % EtOH, 
and 0.3 M KOAc pH 5.2, and chilled at -80 ˚C for 2 h or more. Samples were spun down at -6 ˚C 
at 15000 rpm for 30 min. The supernant was removed and the sample washed with chilled (-20 ˚C) 
70 % EtOH for an additional 20 min at -6 ˚C at 15000 rpm. Samples were dried by vacuum. 
Positive Selection. Positive selection samples were resuspended in Milli-Q water then the reaction 
was initiated by the addition of 2x positive selection buffer (0.2 M KCl, 0.001 M EDTA, 0.02 
MOPs pH 7.4). Samples were incubated at room temperature for the allotted incubation time in 
Table 4.3 before the addition of Stop Solution B (9.2 M Urea, 0.01 M Na2EDTA, 180 mM Tris, 
180 mM boric acid). Samples were purified using denaturing PAGE, from which the cleaved 
sequence was extracted using Buffer C and desalted using ethanol precipitation 0.03 M KOAc.  
PCR amplification. To regenerate the cleaved N50 pool there is a two-step PCR process. PCR 1 
adds extends the cleaved DNA sequence with P2. Subsequently PCR 2 fully restores the extended 
sequence to the initial full-length DNA pool sequence and reincorporates the RNA active site. PCR 
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1 uses 1x standard Taq buffer, 6 U/100 μL Taq Polymerase, mM dNTP, 1 μM P1-iSp3, 1 μM P2, 
50 μL of the 150 μL of resuspended desalted Positive Selection product. The PCR 1 mixture 
undergoes the following heat treatment: 3 min at 95 ˚C, repeated 14-22 x (30 s at 95 ˚C, 1.25 min 
60 ̊ C, 1.25 min 72 ̊ C), 10 min at 72 ˚C, then the mixture is cooled to 4 ̊ C. PCR 2 uses 1x standard 
Taq buffer, U Taq, mM dNTP, 1 μM P1-iSp3, 1 μM P3-rG, 5 μL of PCR 1 product, 1 μL 32P-
labeled α-ATP were mixed and underwent the follow temperature treatment: 3 min at 95 ˚C, 
repeated 14-18 x (30 s at 95 ˚C, 1.25 min 60 ˚C, 1.25 min 72 ˚C), 10 min at 72 ˚C, then cooled to 
4 ˚C. The remainder of PCR 1 is stored at -20 ˚C. All of the PCR 2 product is PAGE purified. The 
regenerated pool of was extracted in Buffer C. Selection samples were desalted using ethanol 
precipitation with 0.08 M LiCl as a counter ion.  
Gel-Based Activity Assays. Activity assays were carried out to determine the best round of 
selection and selection conditions to submit for sequencing, to characterize individual sequences. 
All activity assay experiments were carried out with 32P-labeled DNA, labeled internally for all 
PCR-generated sequences, dissolved in Milli-Q H2O. DNA was mixed with 2x reaction buffer to 
initiate the reaction, at predetermined timepoints 2 μL aliquots of the reaction mixture were 
removed and added to 10 μL of Stop Solution C (9.2 M Urea, 0.01 M Na2EDTA, 180 mM Tris, 
180 mM boric acid, 0.05 % xylene cyanol, 0.05 % bromophenol blue). Samples were run on 10 % 
dPAGE gels, gels were wrapped in cellophane and exposed to a phosphoimage film, the image 
was captured using a Molecular Dynamics Storm 430 Phosphorimager (from Amersham 
Biosciences). The total percent of DNA cleaved at each timepoint was quantified using Image 
Quant (Molecular Dynamics) Software, each image was adjusted for background. Because of the 
exceeding slow reaction rate for both the DNA pool and DNAzymes ultimately obtained the rate 
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was determined using eqn. 1 in which [P]t is the cleavage at time t, t is time, [P]0 is initial cleavage, 
kobs is the pseudo-first order rate constant or eqn. 2 when the reaction was run for more than 12h. 
[P]t= kobs ·t + [P]0                                                       (eqn. 1) 
[𝑷]𝒕 = [𝑷]∞(𝟏 − 𝒆
−𝒌𝒐𝒃𝒔𝒕)                                    (eqn. 2) 
In eqn. 2 [P]t is cleavage at time t, t is time, [P]∞ is the final cleavage ratio and kobs is the rate 
constant. 
6.2.4 K+/Na+ aptazyme based on the NaA43 DNAzyme 
All assays to determine the efficacy of the K+/Na+ aptazyme were carried out using a 
similar protocol to the Gel-Based Activity Assays detailed above.  
 
6.3 Results and discussion 
6.3.1 In vitro selection of K+-specific DNAzymes 
In order to create a K+-specific probe an in vitro selection for K+-dependent DNAzymes 
was carried out. To ensure selectivity of the DNA pool for K+ all buffers were designed to only 
have K+, MOPS, and low levels of EDTA present. The acidic forms of MOPS and EDTA were 
used and the pH was adjusted with KOH. Ethanol precipitation was completed using KOAc at pH 
Fig 6.1 A representation the programmed DNA sequence around the N50 random region 





5.2, and early test rounds revealed little difference in DNA precipitation yield for KOAc verses 
NaOAc. The selection was carried out using an N50 pool, with a designed DNA forming a 
thermostable tetraloop and two binding arms (Fig 6.1). The active site was chosen to be a 
riboguanosine since K+ is known to form G-quadruplex structures, and this tertiary structure has 
the potential to aid in DNAzyme selectivity. Additionally, the 50-nucleotide length of the random 
region could enable the formation of a G-quadruplex without significant strain to the structure. 
The progress of in vitro selection was monitored by the cleavage percent of each round of 
selection. For each round of selection the 32P-labeled DNA was dPAGE purified and imaged. The 
percent of DNA that was cleaved at the rG active site was quantified compared to the total 32P-
labeled DNA pool. The selection proceeded for 10 rounds of positive selection only. In round 5 
there was significant DNAzyme activity noted, which increased in rounds 6, 7 and 8. After round 
Fig 6.2 The cleavage percent of the N50 pool through 10 rounds of selection.  
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7 the incubation time was decreased to attempt to cultivate a faster DNAzyme population, the 
conditions for each round of selection are given in Table 6.3. The decreased cleavage in rounds 9 
and 10 likely is caused by the drastic decrease in incubation time with the target cofactor K+. 
 







1-6 2 200 
7 1.5 200 
8 1 200 
9 0.5 200 




 To identify if the pool cultivated was selective for K+ multiple activity assays were run of 
each round of selection. Based on the pseudo-first order rate constant in rounds 6, 7, 8, 9, and 10, 
the DNA pool shows some preferential activity with K+ over other monovalent metal- ions. The 
most significant shift in the DNAzyme populations likely occurs between rounds 6 and 7 were an 
increase in K+-dependent activity is observed. Round 10 shows a loss of selectivity compared 
with previous rounds. Therefore, an ideal round to sequence for a K+-specific DNAzyme would 
be round 8 or 9. Due to the slow rate of the cultivated pool, no rounds were sequences.  
 
Fig 6.3 The activity of rounds 6-10 with 200 mM M+, or 10 mM M2+ in 20 mM MOPS.  
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6.3.2 Developing a K+-sensor using the NaA43 DNAzyme 
In another attempt to develop a K+-dependent DNAzyme, the NaA43 DNAzyme was 
modified in the prominent stem-loop region to impart K+-dependent activity of the DNAzyme.6-7 
This modification used well known potassium aptamer G-quadruplex sequence, so the new 
construct will be referred as an aptazyme (DNAzyme + aptamer), which is active in the presence 
of K+ and Na+. Several designs for the aptazyme were attempted and are included in Fig. 6.4. In 
total 6 designs were attempted which focused on using the formation of a G-quadruples in 
stabilizing the stem-loop region of the NaA43 DNAzyme. The designs varied in the number of 
base pairs in the stem-loop region before the introduction of the K+-aptamer, with WK being 1 bp, 
WK4 2 bp, and WK6 being 3 bp. To see if making the formation of the stem-loop more dependent 
on the presence of K+ a split was introduced in the G-quadruplex. A simple cleavage assay revealed 
that splitting the aptazymes did not increase K+-dependent activity in any of the aptazyme 
constructs. The full-length aptazymes also showed decreased K+-dependent activity with 
increasing bp between the NaA43 DNAzyme catalytic core and the K+ aptamer. WK showed the 















































































































































































































































































































































Further characterization of the WK aptazyme revealed at multiple K+ concentrations, with 
standardized Na+ concentration revealed that the aptazyme, while highly dependent on K+ at low 
millimolar concentrations, is inhibited by K+ at higher concentrations. Because of this 
characteristic the K+-dependent aptazyme was not further developed.    




Potassium is essential for a cell health and is the most prevalent metal ion in cells.  In this 
chapter. two methods were explored to generate a K+-dependent DNAzyme/aptamzyme. The first 
method employed was in vitro selection to cultivate a K+-dependent DNAzyme pool. While this 
selection successfully progressed and showed mild selectivity for K+ over other monovalent metal 
ions, the slow rate of the pool, in addition to the loss of selectivity in later selection rounds 
prevented further characterization and sequencing of this pool.  
Using an already established K+ aptamer and the Na+ DNAzyme NaA43 a K+-dependent 
aptazyme was designed. The NaA43 has a long stem-loop which can be modified but must be 
formed for the NaA43 DNAzyme cleave at the RNA-active site. A K+-dependent G-quadruplex 
was incorporated into this DNAzyme at the stem-loop site, so that the G-quadruplex would 
facilitate the formation of the stem-loop and restore NaA43’s activity. The developed K+ 
aptazyme was dependent of K+ and showed potential for measuring K+ concentrations below 10 
mM K+. However, just as low K+ concentrations enable NaA43 activity, concentrations above10 
mM K+ started to inhibit DNAzyme activity.  
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